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ʆʨʛʘʥʠʟʘʮʠʦʥʥʳʡ ʢʦʤʠʪʝʪ 
ʇʨʝʜʩʝʜʘʪʝʣʴ ʆʨʛʢʦʤʠʪʝʪʘ: ʉʠʛʦʚ ɸʣʝʢʩʘʥʜʨ ʉʝʨʛʝʝʚʠʯ 
ɿʘʤʝʩʪʠʪʝʣʴ ʧʨʝʜʩʝʜʘʪʝʣʷ:   ʖʨʘʩʦʚ ɸʣʝʢʩʝʡ ʅʠʢʦʣʘʝʚʠʯ 

ʏʣʝʥʳ ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ: 
ɻʨʘʥʦʚʩʢʠʡ ɸʣʝʢʩʘʥʜʨ ɹʦʨʠʩʦʚʠʯ 
ʃʫʢʘʰʝʚʘ ɽʢʘʪʝʨʠʥʘ ɺʠʢʝʥʪʴʝʚʥʘ 
ʄʠʰʠʥʘ ɽʣʝʥʘ ɼʤʠʪʨʠʝʚʥʘ 
ʄʫʭʠʥ ɸʣʝʢʩʘʥʜʨ ɸʣʝʢʩʝʝʚʠʯ 

ʇʝʨʦʚ ʅʠʢʦʣʘʡ ʉʝʨʛʝʝʚʠʯ 
ʉʦʢʦʣʦʚ ɺʠʢʪʦʨ ɺʘʩʠʣʴʝʚʠʯ 
ʌʝʪʠʩʦʚ ʃʝʦʥʠʜ ʖʨʴʝʚʠʯ 
ʏʫʛʫʝʚʘ ʀʨʠʥʘ ʅʠʢʦʣʘʝʚʥʘ 

ʋʯʝʥʳʡ ʩʝʢʨʝʪʘʨʴ:  ʇʷʪʘʢʦʚ ɸʣʝʢʩʘʥʜʨ ʇʘʚʣʦʚʠʯ 

ʇʨʦʛʨʘʤʤʥʳʡ ʢʦʤʠʪʝʪ 
ʇʨʝʜʩʝʜʘʪʝʣʴ:     ʃʠʩʦʚʩʢʠʡ ʌʝʜʦʨ ɺʠʢʪʦʨʦʚʠʯ 
ɿʘʤʝʩʪʠʪʝʣʴ ʧʨʝʜʩʝʜʘʪʝʣʷ: ʇʷʪʘʢʦʚ ɸʣʝʢʩʘʥʜʨ ʇʘʚʣʦʚʠʯ 
ʏʣʝʥʳ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʠʪʝʪʘ: 
 
ɹʘʣʙʘʰʦʚ ɸ.ʄ. 
ɹʝʙʝʥʠʥ ʅ.ɻ. 
ɹʝʣʦʪʝʣʦʚ ɺ.ʀ. 
ɺʝʜʷʝʚ ɸ.ɺ. 
ɺʘʩʠʣʴʝʚ ɸ.ʅ. 
ɻʘʥʴʰʠʥʘ ɽ.ɸ. 
ɻʠʧʧʠʫʩ ɸ.ɸ. 
ɻʣʫʰʢʦʚ ɺ.ɺ. 
ɻʫʙʠʥ ʉ.ʇ. 
ɿʚʝʟʜʠʥ ɸ.ʂ. 
ɿʚʝʟʜʠʥ ʂ.ɸ. 
ɿʫʙʦʚ ɺ.ɽ. 

 
ʀʩʭʘʢʦʚ ʈ.ʉ. 
ʂʘʣʘʰʥʠʢʦʚʘ ɸ.ʄ. 
ʂʘʣʠʥʠʥ ʖ.ɽ. 
ʂʠʩʝʣʝʚʘ ʊ.ʖ. 
ʂʦʢʰʘʨʦʚ ʖ.ɸ. 
ʂʫʨʣʷʥʜʩʢʘʷ ɻ.ɺ. 
ʃʠʣʝʝʚ ɸ.ʉ. 
ʃʦʛʫʥʦʚ ʄ.ɺ. 
ʃʦʢʢ ʕ.ɻ. 
ʃʶʙʫʪʠʥ ʀ.ʉ. 
ʄʘʨʯʝʥʢʦʚ ɺ.ɺ. 
ʄʝʜʚʝʜʴ ɸ.ɺ. 

ʄʫʨʪʘʟʘʝʚ ɸ.ʂ. 
ʅʠʢʠʪʠʥ ʉ.ɸ. 
ʅʠʢʠʪʦʚ ʉ.ɸ. 
ʆʚʯʠʥʥʠʢʦʚ ʉ.ɻ. 
ʇʘʤʷʪʥʳʭ ʃ.ɸ. 
ʇʠʩʘʨʝʚ ʈ.ɺ. 
ʇʦʢʘʪʠʣʦʚ ɺ.ʉ. 
ʇʦʣʷʢʦʚ ʇ.ɸ. 
ʇʨʫʜʥʠʢʦʚ ɺ.ʅ. 
ʈʘʭʤʘʥʦʚ ɸ.ʃ. 
ʈʦʟʘʥʦʚ ʂ.ʅ. 
ʈʦʜʠʦʥʦʚʘ ɺ.ɺ. 
ʈʫʜʦʡ ʖ.ɻ. 

ʈʫʩʘʢʦʚ ɺ.ʉ. 
ʉʘʧʦʞʥʠʢʦʚ ʄ.ɺ. 
ʉʤʠʨʥʦʚ ɹ.ʄ. 
ʉʫʭʦʨʫʢʦʚ ʖ.ʇ. 
ʉʳʨʴʝʚ ʅ.ɽ. 
ʋʩʦʚ ʅ.ɸ. 
ʋʩʪʠʥʦʚ ɺ.ɺ. 
ʌʨʘʝʨʤʘʥ ɸ.ɸ. 
ʌʝʪʠʩʦʚ ʖ.ʂ. 
ʏʝʯʝʥʠʥ ʅ.ɻ. 
ʐʘʚʨʦʚ ɺ.ɻ. 
ʐʘʣʳʛʠʥʘ ɽ.ɽ. 
ʐʘʧʘʝʚʘ ʊ.ɹ. 

 

ʇʨʝʜʩʝʜʘʪʝʣʠ ʩʝʢʮʠʡ 
1. ʅʦʚʳʝ ʤʘʛʥʠʪʥʳʝ ʠ ʨʦʜʩʪʚʝʥʥʳʝ ʠʤ 
ʤʘʪʝʨʠʘʣʳ: ʩʠʥʪʝʟ ʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 
ʇʝʨʦʚ ʅ.ʉ. ʠ ʈʦʜʠʦʥʦʚʘ ɺ.ɺ. 

2. ʇʨʦʮʝʩʩʳ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʠ 
ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ 
ʏʝʯʝʥʠʥ ʅ.ɻ. ʠ ʇʷʪʘʢʦʚ ɸ.ʇ. 

3.ʄʠʢʨʦʤʘʛʥʝʪʠʟʤ ʠ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 
ɿʚʝʟʜʠʥ ʂ.ɸ. ʠ ʋʩʦʚ ʅ.ɸ. 

4. ɼʠʥʘʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʚ ʤʘʛʥʝʪʠʢʘʭ 
ʂʘʣʘʰʥʠʢʦʚʘ ɸ.ʄ.  

5. ʕʣʝʤʝʥʪʘʨʥʳʝ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʚʦʣʥʦʚʳʝ 
ʧʨʦʮʝʩʩʳ ʚ ʤʘʛʥʝʪʠʢʘʭ 
ʅʠʢʠʪʦʚ ʉ.ɸ. ʠ ʈʘʭʤʘʥʦʚ ɸ.ʃ. 

6. ʈʝʟʦʥʘʥʩʥʳʝ ʷʚʣʝʥʠʷ ʚ ʤʘʛʥʝʪʠʢʘʭ 
ʉʳʨʴʝʚ ʅ.ɽ., ʄʫʭʠʥ ɸ.ɸ., ʈʫʩʘʢʦʚ ɺ.ʉ. 

7. ʂʠʥʝʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʚ ʤʘʛʥʝʪʠʢʘʭ 
ɻʨʘʥʦʚʩʢʠʡ ɸ.ɹ. 

8. ʄʘʛʥʠʪʥʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʠ 
ʢʨʠʪʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ 
ʄʫʨʪʘʟʘʝʚ ɸ.ʂ. ʠ ʇʷʪʘʢʦʚ ɸ.ʇ. 

9. ʄʘʛʥʠʪʥʳʝ ʧʣʝʥʢʠ ʠ ʤʥʦʛʦʩʣʦʡʥʳʝ 
ʩʪʨʫʢʪʫʨʳ 
ʂʘʣʠʥʠʥ ʖ.ɽ. ʠ  ʖʨʘʩʦʚ ɸ.ʅ. 

10. ʄʘʣʳʝ ʤʘʛʥʠʪʥʳʝ ʯʘʩʪʠʮʳ 
ʂʠʩʝʣʝʚʘ ʊ.ʖ. 

11. ʄʘʛʥʠʪʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ 
ʌʨʘʝʨʤʘʥ ɸ.ɸ. ʠ ʖʨʘʩʦʚ ɸ.ʅ. 

12. ʄʘʛʥʠʪʦʦʧʪʠʢʘ ʠ ʬʦʪʦʤʘʛʥʝʪʠʟʤ 
ʐʘʣʳʛʠʥʘ ɽ.ɽ. ʠ ɻʘʥʴʰʠʥʘ ɽ.ɸ. 

13. ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ 
ʌʝʪʠʩʦʚ ʖ.ʂ. ʠ ʌʝʪʠʩʦʚ ʃ.ʖ. 

14. ʇʨʝʧʦʜʘʚʘʥʠʝ ʧʦ ʨʘʟʜʝʣʘʤ 
çʄʘʛʥʝʪʠʟʤè ʠ çʄʘʛʥʠʪʥʳʝ 
ʤʘʪʝʨʠʘʣʳè ʚ ʚʳʩʰʝʡ ʰʢʦʣʝ 
ʇʨʫʜʥʠʢʦʚ ɺ.ʅ. 

15. ʄʘʛʥʠʪʦʘʢʫʩʪʠʢʘ 
ʄʝʜʚʝʜʴ ɸ.ɺ. 

16. ɹʠʦʤʘʛʥʝʪʠʟʤ 
ʂʫʨʣʷʥʜʩʢʘʷ ɻ.ɺ. 



ʆɻʃɸɺʃɽʅʀɽ 
 
ʇʣʝʥʘʨʥʳʝ ʜʦʢʣʘʜʳ 
ʇʘʤʷʪʠ ɸ.ʄ. ɹʘʣʙʘʰʦʚʘ 
ʇʘʤʷʪʠ ɸ.ʀ. ʄʦʨʦʟʦʚʘ 

ɼʦʢʣʘʜʳ ʧʦ ʩʝʢʮʠʷʤ: 
01.  ʅʦʚʳʝ ʤʘʛʥʠʪʥʳʝ ʠ ʨʦʜʩʪʚʝʥʥʳʝ ʠʤ ʤʘʪʝʨʠʘʣʳ: ʩʠʥʪʝʟ ʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 
02. ʇʨʦʮʝʩʩʳ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ 
03. ʄʠʢʨʦʤʘʛʥʝʪʠʟʤ ʠ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 
04. ɼʠʥʘʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʚ ʤʘʛʥʝʪʠʢʘʭ 
05. ʕʣʝʤʝʥʪʘʨʥʳʝ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʚʦʣʥʦʚʳʝ ʧʨʦʮʝʩʩʳ ʚ ʤʘʛʥʝʪʠʢʘʭ 
06. ʈʝʟʦʥʘʥʩʥʳʝ ʷʚʣʝʥʠʷ ʚ ʤʘʛʥʝʪʠʢʘʭ 
07. ʂʠʥʝʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʚ ʤʘʛʥʝʪʠʢʘʭ (ʩʧʠʥʦʚʳʡ ʪʨʘʥʩʧʦʨʪ) 
08. ʄʘʛʥʠʪʥʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʠ ʢʨʠʪʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ 
09. ʄʘʛʥʠʪʥʳʝ ʧʣʝʥʢʠ ʠ ʤʥʦʛʦʩʣʦʡʥʳʝ ʩʪʨʫʢʪʫʨʳ 
10. ʄʘʣʳʝ ʤʘʛʥʠʪʥʳʝ ʯʘʩʪʠʮʳ 
11. ʄʘʛʥʠʪʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ 
12. ʄʘʛʥʠʪʦʦʧʪʠʢʘ ʠ ʬʦʪʦʤʘʛʥʝʪʠʟʤ 
13. ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ 
14. ʇʨʝʧʦʜʘʚʘʥʠʝ ʧʦ ʨʘʟʜʝʣʘʤ çʄʘʛʥʝʪʠʟʤè ʠ çʄʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳè ʚ ʚʳʩʰʝʡ ʰʢʦʣʝ 
15. ʄʘʛʥʠʪʦʘʢʫʩʪʠʢʘ 
16. ɹʠʦʤʘʛʥʝʪʠʟʤ 
 



ʅʘ ʢʦʥʬʝʨʝʥʮʠʷʭ ʧʨʦʚʦʜʷʪʩʷ ʧʣʝʥʘʨʥʳʝ ʟʘʩʝʜʘʥʠʷ. 
ʅʘ ʩʮʝʥʝ ʚ ʙʝʣʳʭ ʢʨʝʩʣʘʭ ʩʠʜʷʪ ʚʘʞʥʳʝ ʦʩʦʙʳ ʠ 
ʜʠʩʢʫʩʩʠʨʫʶʪ ʥʘ ʫʤʥʳʝ ʪʝʤʳ. ʈʷʜʦʤ ʩ ʙʝʣʳʤʠ 
ʢʨʝʩʣʘʤʠ ʩʪʘʚʷʪ ʙʝʣʳʝ ʪʫʤʙʦʯʢʠ… 

ʂʦʩʪʷ ʂʨʘʩʥʳʡ 

 

 

 

 

 

 

 

 

 

 

ʇʃɽʅɸʈʅʓɽ ɼʆʂʃɸɼʓ 



ʉɺɽʈʍɹʓʉʊʈʓʁ ʄɸɻʅɽʊʀɿʄ ɸʅʊʀʌɽʈʈʆʄɸɻʅɽʊʀʂʆɺ 

ʂʠʤʝʣʴ ɸ.ɺ. 

ʋʥʠʚʝʨʩʠʪʝʪ ʩʚ. ʈʘʜʙʘʫʜʘ, ʅʘʡʤʝʛʝʥ, ʅʠʜʝʨʣʘʥʜʳ 

ɿʚʝʟʜʠʥ ɸ.ʂ. 

ɼ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ 
ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ. ʄ. ʇʨʦʭʦʨʦʚʘ, ʈʦʩʩʠʡʩʢʘʷ ɸʢʘʜʝʤʠʷ ʅʘʫʢ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ: ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʫʣʴʪʨʘʢʦʨʦʪʢʠʝ ʊɻʮ ʠʤʧʫʣʴʩʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʚ ʫʧʨʘʚʣʝʥʠʠ ʩʧʠʥʦʚ ʚ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ. 

ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʠ ʠʤʝʶʪ ʦʛʨʦʤʥʳʡ ʧʦʪʝʥʮʠʘʣ ʫʚʝʣʠʯʠʪʴ ʩʢʦʨʦʩʪʴ 
ʤʘʛʥʠʪʥʦʡ ʟʘʧʠʩʠ ʠ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʩʧʠʥʪʨʦʥʠʢʠ ʠ ʤʘʛʥʦʥʠʢʠ. 
ʆʜʥʘʢʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʠ ʨʘʟʚʠʪʠʝ 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʩʧʠʥʪʨʦʥʠʢʠ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʪʨʫʜʥʝʥʳ ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʕʪʦ ʜʝʣʘʝʪ ʥʝʚʦʟʤʦʞʥʳʤ 
ʦʙʳʯʥʫʶ ʤʘʛʥʠʪʦʤʝʪʨʠʶ ʠ ʪʨʝʙʫʝʪ ʯʨʝʟʚʳʯʘʡʥʦ ʩʠʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 
ʩʧʠʥʘʤʠ. 

ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ï ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ, ʯʪʦ ʫʣʴʪʨʘʢʦʨʦʪʢʠʝ ʊɻʮ ʠʤʧʫʣʴʩʳ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʚ ʫʧʨʘʚʣʝʥʠʠ ʩʧʠʥʦʚ ʚ 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʤʝʥʷʶʪ ʧʨʘʚʠʣʘ ʠʛʨʳ.  ɺ ʥʘʯʘʣʝ ʜʦʢʣʘʜʘ ʙʫʜʝʪ 
ʨʘʩʩʤʦʪʨʝʥ ʧʨʦʩʪʝʡʰʠʡ ʧʨʠʤʝʨ, ʢʦʪʦʨʳʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩʣʘʙʦʝ, ʥʦ ʙʳʩʪʨʦ ʤʝʥʷʶʱʝʝʩʷ 
ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʩʨʝʜʩʪʚʦʤ ʫʧʨʘʚʣʝʥʠʷ ʩʧʠʥʘʤʠ ʚ 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ [1,2]. ɼʘʣʝʝ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʥʝʣʠʥʝʡʥʳʝ ʵʬʬʝʢʪʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 
ʊɻʮ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩʦ ʩʧʠʥʘʤʠ ʚ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ [3,4], ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ 
ʧʨʠʚʝʩʪʠ ʢ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʩʧʠʥʦʚ ʟʘ ʚʨʝʤʝʥʘ ʧʦʨʷʜʢʘ ʜʝʩʷʪʢʘ ʧʠʢʦʩʝʢʫʥʜ ʠ ʧʨʠ ʧʨʝʜʝʣʴʥʦ 
ʥʠʟʢʠʭ ʜʠʩʩʠʧʘʮʠʷʭ [5]. ɺ ʜʦʢʣʘʜʝ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ 
ʩʢʦʨʦʩʪʠ, ʩ ʢʦʪʦʨʦʡ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢ ʤʦʞʝʪ ʧʨʠʦʙʨʝʪʘʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ. ʄʳ ʫʜʝʣʠʤ 
ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʨʦʣʠ ʨʝʰʝʪʢʠ ʚ ʵʪʦʤ ʧʨʦʮʝʩʩʝ ʠ ʦʧʠʰʝʤ ʩʚʷʟʘʥʥʫʶ ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʫʶ 
ʜʠʥʘʤʠʢʫ ʚ ʩʚʝʨʭʙʳʩʪʨʦʤ ʦʧʪʠʯʝʩʢʦʤ ʢʦʥʪʨʦʣʝ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʚʩʝʭ 
ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʫʜʝʪ ʧʨʝʜʣʦʞʝʥ ʝʜʠʥʳʡ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʳʚʦʜʝ ʫʨʘʚʥʝʥʠʡ 
ʜʚʠʞʝʥʠʷ ʠʟ ʵʬʬʝʢʪʠʚʥʦʛʦ ʃʘʥʛʨʘʥʞʠʘʥʘ [6]. 

1. ɸ. ʂ. ɿʚʝʟʜʠʥ, ɸ. ɸ. ʄʫʭʠʥ, ʂʨʘʪʢʠʝ ʩʦʦʙʱʝʥʠʷ ʧʦ ʬʠʟʠʢʝ 12, 10 (1981). 
2. K. Grishunin et al, https://arxiv.org/abs/2103.05083.  
3. S. Baerl et al, Nature Photonics 10, 715ï718 (2016). 
4. E. A. Mashkovich et al, Physical Review Letters 123, 157202 (2019). 
5. S. Schlauderer et al, Nature 569, 383 (2019). 
6. ɸ. ʂ. ɿʚʝʟʜʠʥ, ʇʠʩʴʤʘ ɾʕʊʌ 29, 605-610 (1979). 
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         ɺʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚ ʩʧʠʥʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʦʩʥʦʚʘʥʘ ʥʘ ʩʚʷʟʠ 
ʩʧʠʥʦʚʳʭ ʠ ʦʨʙʠʪʘʣʴʥʳʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ. ʆʜʥʠʤ ʠʟ ʧʨʦʷʚʣʝʥʠʡ ʵʪʦʡ ʩʚʷʟʠ 
ʚ ʤʘʛʥʝʪʠʢʘʭ ʩ ʢʠʨʘʣʴʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʦʪʢʣʦʥʝʥʠʝ 
ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʵʣʝʢʪʨʦʥʘ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʣʦʢʘʣʴʥʦʛʦ ʧʦʣʷ. ɺʝʣʠʯʠʥʘ ʠ ʥʘʧʨʘʚʣʝʥʠʝ 
ʵʪʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʢʦʨʦʩʪʴʶ ʠ ʥʘʧʨʘʚʣʝʥʠʝʤ  ʜʚʠʞʝʥʠʷ ʥʦʩʠʪʝʣʷ ʟʘʨʷʜʘ ʠ 
ʤʘʩʰʪʘʙʦʤ ʤʘʛʥʠʪʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ. ʊʘʢʦʝ "ʥʝʘʜʠʘʙʘʪʠʯʝʩʢʦʝ" ʧʦʚʝʜʝʥʠʝ ʩʧʠʥʦʚ 
ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʦʚʘʥʠʶ ʚ ʢʠʨʘʣʴʥʳʭ  ʤʘʛʥʠʪʥʳʭ ʩʠʩʪʝʤʘʭ ʮʝʣʦʛʦ ʨʷʜʘ ʥʝʦʙʳʯʥʳʭ 
ʷʚʣʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ ʨʘʚʥʦʚʝʩʥʳʡ ʩʧʠʥʦʚʳʡ ʪʦʢ, ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ [1] , 
ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ,  [2], ʦʧʪʠʯʝʩʢʠʝ 
ʵʣʝʢʪʨʦʜʠʧʦʣʴʥʳʝ ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ ʩʧʠʥʦʚʳʤʠ ʧʦʜʟʦʥʘʤʠ [3], ʪʨʘʥʩʧʦʨʪʥʳʝ ʷʚʣʝʥʠʷ 
ʥʝʚʟʘʠʤʥʦʩʪʠ ʚ ʥʝʢʦʤʧʣʘʥʘʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʠʩʪʝʤʘʭ [4] ʠ ʜʨ., ʢʦʪʦʨʳʝ ʦʙʩʫʞʜʘʶʪʩʷ ʚ 
ʜʦʢʣʘʜʝ ʩ ʝʜʠʥʳʭ ʧʦʟʠʮʠʡ.  ʂʨʫʛ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʢʠʨʘʣʴʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʜʦʩʪʘʪʦʯʥʦ  ʰʠʨʦʢ ʠ ʚʢʣʶʯʘʝʪ ʢʘʢ ʧʨʠʨʦʜʥʳʝ ʤʘʛʥʠʪʥʳʝ ʦʙʲʝʢʪʳ 
(ʜʦʤʝʥʥʳʝ ʩʪʝʥʢʠ, ʤʘʛʥʠʪʥʳʝ ʩʧʠʨʘʣʠ ʠ ʩʢʠʨʤʠʦʥʳ), ʪʘʢ ʠ ʠʩʢʫʩʩʪʚʝʥʥʦ ʩʦʟʜʘʥʥʳʝ 
ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʩʠʩʪʝʤʳ, ʪʘʢʠʝ, ʥʘʧʨʠʤʝʨ, ʢʘʢ ʥʘʥʦʯʘʩʪʠʮʳ ʩ ʚʠʭʨʝʚʳʤ ʠʣʠ ʘʥʪʠʚʠʭʨʝʚʳʤ 
ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʇʨʠʯʠʥʦʡ ʩʥʷʪʠʷ ʢʠʨʘʣʴʥʦʛʦ ʚʳʨʦʞʜʝʥʠʷ ʷʚʣʷʝʪʩʷ , ʢʘʢ 
ʧʨʘʚʠʣʦ, ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʢʦʪʦʨʦʝ ʚ ʩʠʩʪʝʤʘʭ ʙʝʟ ʮʝʥʪʨʘ ʠʥʚʝʨʩʠʠ 
ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʦʚʘʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɼʟʷʣʦʰʠʥʩʢʦʛʦ - ʄʦʨʠʠ. ʆʜʥʘʢʦ, 
ʵʪʦ ʥʝ ʝʜʠʥʩʪʚʝʥʥʳʡ ʤʝʭʘʥʠʟʤ ʫʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʢʠʨʘʣʴʥʦʩʪʴʶ. ʄʝʥʝʝ ʠʟʚʝʩʪʝʥ 
ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ ʨʘʙʦʪʘʭ [5,6] .  ɺ ʜʦʢʣʘʜʝ ʦʙʩʫʞʜʘʶʪʩʷ 
ʚʦʟʤʦʞʥʳʝ ʨʝʘʣʠʟʘʮʠʠ ʢʠʨʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʠʩʪʝʤ ʙʝʟ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɼʟʷʣʦʰʠʥʩʢʦʛʦ - 
ʄʦʨʠʠ.  ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ, ʛʨʘʥʪ ˉ 22-12-00271. 
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ʉʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʫʩʪʨʦʡʩʪʚ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʠʥʬʦʨʤʘʪʠʢʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʩʥʦʚʥʦʤ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʦʚʳʭ ʬʠʟʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʠʣʠ ʥʦʚʳʭ 
ʤʘʪʝʨʠʘʣʦʚ. ʇʝʨʩʧʝʢʪʠʚʥʳʤʠ ʩ ʵʪʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʷʚʣʷʶʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ (ʄʕ) ʵʬʬʝʢʪʳ ʚ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʧʨʦʷʚʣʷʶʱʠʝʩʷ ʚʦ 
ʚʟʘʠʤʥʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʧʝʨʝʤʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ɺ ʢʦʤʧʦʟʠʪʥʳʭ 
ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʣʦʠ, ʄʕ ʵʬʬʝʢʪʳ 
ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʤʙʠʥʘʮʠʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ, ʧʴʝʟʦʵʬʬʝʢʪʘ 
ʚ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʣʦʝ ʠ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʥʩʘ ʩʪʨʫʢʪʫʨʳ. ʄʕ ʵʬʬʝʢʪʳ ʩʫʱʝʩʪʚʫʶʪ ʚ 
ʩʪʨʫʢʪʫʨʘʭ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʘʚʦʚ, ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʠʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʣʝʛʢʦ ʫʧʨʘʚʣʷʪʴ ʩ ʧʦʤʦʱʴʶ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʧʦʣʝʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʟʘ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʦʟʜʘʥ ʮʝʣʳʡ ʨʷʜ ʥʦʚʳʭ 
ʫʩʪʨʦʡʩʪʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʄʕ ʵʬʬʝʢʪʳ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʫʧʨʘʚʣʷʝʤʳʝ 
ʠʥʜʫʢʪʦʨʳ ʠ ʪʨʘʥʩʬʦʨʤʘʪʦʨʳ ʥʘʧʨʷʞʝʥʠʷ, ʥʝʣʠʥʝʡʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʯʘʩʪʦʪʳ, 
ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʜʘʪʯʠʢʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʵʣʝʢʪʨʠʯʝʩʢʠ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʝ ʉɺʏ 
ʫʩʪʨʦʡʩʪʚʘ, ʥʦʚʳʝ ʄʕ ʵʣʝʤʝʥʪʳ ʧʘʤʷʪʠ, ʘʚʪʦʥʦʤʥʳʝ ʤʘʣʦʤʦʱʥʳʝ ʠʩʪʦʯʥʠʢʠ ʧʠʪʘʥʠʷ ʠ ʪ.ʜ. 
ɺ ʜʦʢʣʘʜʝ ʨʘʩʩʤʦʪʨʝʥʳ ʧʨʠʥʮʠʧʳ ʨʘʙʦʪʳ ʄʕ ʫʩʪʨʦʡʩʪʚ, ʧʨʠʚʝʜʝʥʳ ʠʭ ʦʩʥʦʚʥʳʝ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʚʦʟʤʦʞʥʳʝ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʡ [1]. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ, ʧʨʦʝʢʪ 17-12-01435-ʇ.  
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ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

1. ʌʝʪʠʩʦʚ ʖ.ʂ. ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʠʥʬʦʨʤʘʪʠʢʠ ʥʘ 
ʦʩʥʦʚʝ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ // ʕʣʝʢʪʨʦʥʠʢʘ ʅʊɹ. ï 2021. ï ˉ 2. ï ʉ. 132-146. 

                       
   ʘ)                  ʙ) 

ʈʠʩ. 1. ʂʦʥʩʪʨʫʢʮʠʷ (ʘ) ʠ ʯʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ (ʙ) ʄʕ ʠʥʜʫʢʪʦʨʘ ʥʘ ʩʪʨʫʢʪʫʨʝ ʘʤʦʨʬʥʳʡ 
ʬʝʨʨʦʤʘʛʥʝʪʠʢ-ʮʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪ ʩʚʠʥʮʘ, ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʥʘ 450%. 

 

        
                                    ʘ)                              ʙ)                                                  ʚ) 
ʈʠʩ. 2. ʂʦʥʩʪʨʫʢʮʠʷ (ʘ), ʚʥʝʰʥʠʡ ʚʠʜ (ʙ) ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ 
ʦʪ ʫʧʨʘʚʣʷʶʱʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʚ) ʜʣʷ ʄʕ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ ʥʠʢʝʣʴ-

ʢʦʙʘʣʴʪʦʚʳʡ ʬʝʨʨʠʪ - ʮʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪ ʩʚʠʥʮʘ (PZT). 
 

                
 

                                    ʘ)                              ʙ)                                                  ʚ) 
ʈʠʩ.3. ɹʣʦʢ-ʩʭʝʤʘ (ʘ) ʠ ʚʥʝʰʥʠʡ ʚʠʜ (ʙ) ʄʕ ʘʥʘʣʠʟʘʪʦʨʘ ʩʧʝʢʪʨʘ ʯʘʩʪʦʪ  ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ; 

(ʚ)ʠʟʤʝʨʝʥʥʳʡ ʩʧʝʢʪʨ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʠʤʧʫʣʴʩʥʦʛʦ ʙʣʦʢʘ ʧʠʪʘʥʠʷ ʢʦʤʧʴʶʪʝʨʘ. 
 

       
 

                                    ʘ)                              ʙ)                                                  ʚ) 
ʈʠʩ.4 ʂʦʥʩʪʨʫʢʮʠʷ ʄʕ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ (ʘ), ʙʣʦʢ-ʩʭʝʤʘ ʘʚʪʦʥʦʤʥʦʛʦ ʄʕ ʠʩʪʦʯʥʠʢʘ ʵʥʝʨʛʠʠ (ʙ) ʠ 
ʟʘʚʠʩʠʤʦʩʪʴ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ U  ʠ ʤʦʱʥʦʩʪʠ P ʦʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʥʘʛʨʫʟʢʠ R (ʚ). 
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ʆʇʊʆʄɸɻʅʆʅʅʓɽ ʕʌʌɽʂʊʓ ɺ ʄɸɻʅʀʊʅʓʍ 
ɼʀʕʃɽʂʊʈʀʏɽʉʂʀʍ ʂʈʀʉʊɸʃʃɸʍ ʀ ʅɸʅʆʉʊʈʋʂʊʋʈɸʍ 

ɹʝʣʦʪʝʣʦʚ ɺ.ʀ. 

ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ ʈɸʅ,  
ʟʘʚ. ʣʘʙʦʨʘʪʦʨʠʠ ʈʦʩʩʠʡʩʢʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʮʝʥʪʨʘ, ʜʦʮʝʥʪ ʄɻʋ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 

 

ɸʥʥʦʪʘʮʠʷ. ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʯʝʨʝʟ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʳʝ 
ʜʠʵʣʝʢʪʨʠʢʠ ʚʦʟʥʠʢʘʶʪ ʦʧʪʦʤʘʛʥʦʥʥʳʝ ʵʬʬʝʢʪʳ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʚʦʟʙʫʞʜʘʪʴ ʚ ʥʠʭ 
ʩʧʠʥʦʚʫʶ ʜʠʥʘʤʠʢʫ. ʍʘʨʘʢʪʝʨ ʚʦʟʜʝʡʩʪʚʠʷ ʠʟʣʫʯʝʥʠʷ ʥʘ ʩʧʠʥʳ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ 
ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʤʘʪʝʨʠʘʣʝ. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ 
ʦʧʪʦʤʘʛʥʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʦʧʪʠʯʝʩʢʠ ʘʥʠʟʦʪʨʦʧʥʳʭ ʤʘʛʥʠʪʥʳʭ ʢʨʠʩʪʘʣʣʘʭ, ʘ ʪʘʢʞʝ ʚ 
ʨʘʟʣʠʯʥʳʭ ʩʫʙʚʦʣʥʦʚʳʭ ʨʝʰʝʪʢʘʭ, ʩʦʟʜʘʥʥʳʭ ʚ ʤʘʛʥʠʪʥʳʭ ʧʣʸʥʢʘʭ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʙʨʘʪʥʳʡ ʵʬʬʝʢʪ ʌʘʨʘʜʝʷ, ʦʙʨʘʪʥʳʡ ʵʬʬʝʢʪ ʂʦʪʪʦʥʘ-ʄʫʪʦʥʘ, 
ʦʨʪʦʬʝʨʨʠʪ, ʬʝʨʨʠʪ-ʛʨʘʥʘʪ, ʙʦʨʘʪ ʞʝʣʝʟʘ, ʥʘʥʦʬʦʪʦʥʠʢʘ 
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Annotation. When laser radiation propagates through magnetically ordered dielectrics, the opto-
magnon effects arise, which make it possible to excite spin dynamics in them. The character of the 
effect of light on the spins substantially depends on the distribution of the optical field in a magnetic 
medium. This paper considers the features of the optomagnonic effects in optically anisotropic 
magnetic crystals, as well as in various subwavelength gratings fabricated in magnetic films.  

Keywords: inverse Faraday effect, inverse Cotton-Mouton effect, orthoferrite, ferrite-garnet, iron 
borate, nanophotonics 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʠ ʠ ʩʣʘʙʳʝ ʬʝʨʨʦʤʘʛʥʝʪʠʢʠ, ʚ ʢʦʪʦʨʳʭ ʩʧʠʥʦʚʘʷ ʜʠʥʘʤʠʢʘ ʧʨʦʠʩʭʦʜʠʪ 
ʥʘ ʩʫʙʪʝʨʘʛʝʨʮʦʚʳʭ ʯʘʩʪʦʪʘʭ, ʯʪʦ ʦʯʝʥʴ ʧʝʨʩʧʝʢʪʠʚʥʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ 
ʫʩʪʨʦʡʩʪʚ ʧʝʨʝʜʘʯʠ ʠ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʢʣʶʯʝʚʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ 
ʫʧʨʘʚʣʝʥʠʷ ʩʧʠʥʘʤʠ ʚ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʘʭ.  

ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʯʝʨʝʟ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʳʝ 
ʜʠʵʣʝʢʪʨʠʢʠ ʚʦʟʥʠʢʘʶʪ ʦʧʪʦʤʘʛʥʦʥʥʳʝ ʵʬʬʝʢʪʳ, ʪʘʢʠʝ ʢʘʢ ʦʙʨʘʪʥʳʡ ʵʬʬʝʢʪ ʌʘʨʘʜʝʷ ʠ 
ʦʙʨʘʪʥʳʡ ʵʬʬʝʢʪ ʂʦʪʪʦʥʘ-ʄʫʪʦʥʘ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʚʦʟʙʫʞʜʘʪʴ ʩʧʠʥʦʚʫʶ ʜʠʥʘʤʠʢʫ ʚ 
ʤʘʛʥʠʪʥʳʭ ʢʨʠʩʪʘʣʣʘʭ. ʆʙʘ ʵʬʬʝʢʪʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, 
ʚʝʣʠʯʠʥʘ ʠ ʥʘʧʨʘʚʣʝʥʠʝ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʝʢʪʦʨʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩʚʝʪʘ ʚ 
ʤʘʪʝʨʠʘʣʝ. ɹʦʣʴʰʠʥʩʪʚʦ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʦʧʪʠʯʝʩʢʠ ʘʥʠʟʦʪʨʦʧʥʳ. ʂʘʢ ʧʨʘʚʠʣʦ, 
ʦʧʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʥʝʛʘʪʠʚʥʳʡ ʬʘʢʪʦʨ, ʢʦʪʦʨʳʡ ʫʤʝʥʴʰʘʝʪ 
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ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʠ ʫʩʣʦʞʥʷʝʪ ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ 
ʢʨʠʩʪʘʣʣʝ. ɺ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʧʨʘʚʠʣʴʥʦʤ ʚʳʙʦʨʝ ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷʨʠʟʘʮʠʠ 
ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ ʩʚʝʪʘ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʟʥʘʯʠʪʝʣʴʥʦʝ 
ʫʩʠʣʝʥʠʝ ʵʬʬʝʢʪʘ ʌʘʨʘʜʝʷ ʠ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʦʡ ʤʦʜʫʣʷʮʠʠ ʩʚʝʪʘ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ 
ʢʨʠʩʪʘʣʣ ʩʣʘʙʦʛʦ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ, ʥʘʧʨʠʤʝʨ, ʙʦʨʘʪʘ ʞʝʣʝʟʘ. ɼʘʥʥʦʝ ʷʚʣʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʟʘ ʩʦʩʪʦʷʥʠʝʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʘʛʥʝʪʠʢʘ, ʘ ʪʘʢʞʝ ʜʣʷ 
ʩʝʥʩʦʨʥʳʭ ʧʨʠʤʝʥʝʥʠʡ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʦʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʦʧʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʩʦʟʜʘʝʪ 
ʥʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʦ ʪʦʣʱʠʥʝ ʢʨʠʩʪʘʣʣʘ. ʇʨʠ ʵʪʦʤ ʧʘʨʘʤʝʪʨʳ 
ʵʪʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʦʞʥʦ ʠʟʤʝʥʷʪʴ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ 
ʠʟʣʫʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʤʘʛʥʝʪʠʢʘ. ʅʘ ʧʨʠʤʝʨʝ ʦʨʪʦʬʝʨʨʠʪʘ 
ʠʪʪʨʠʷ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦʛʦ ʚʦʟʙʫʞʜʘʪʴ ʨʘʟʣʠʯʥʳʝ ʤʦʜʳ 
ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚ ʢʨʠʩʪʘʣʣʝ ʠ ʧʝʨʝʢʣʶʯʘʪʴʩʷ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʤʦʜʘʤʠ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʩʧʠʥʘʤʠ ʟʘ ʩʯʝʪ ʩʚʝʪʘ ʦʪʢʨʳʚʘʶʪʩʷ ʧʨʠ 
ʧʝʨʝʭʦʜʝ ʢ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤ ʤʘʪʝʨʠʘʣʘʤ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʠʦʥʥʦʡ 
ʣʠʪʦʛʨʘʬʠʠ ʚ ʪʦʥʢʦʡ ʧʣʸʥʢʝ ʬʝʨʨʠʪʘ-ʛʨʘʥʘʪʘ ʧʦʣʫʯʝʥ ʥʦʚʳʡ ʫʥʠʢʘʣʴʥʳʡ ʤʘʪʝʨʠʘʣ 
ʥʘʥʦʬʦʪʦʥʠʢʠ: ʧʦʣʥʦʩʪʴʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʤʘʛʥʠʪʥʘʷ 
ʤʝʪʘʧʦʚʝʨʭʥʦʩʪʴ. ɺ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʝ ʦʙʥʘʨʫʞʝʥ ʥʦʚʳʡ ʵʬʬʝʢʪ - ʤʦʜʫʣʷʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 
ʩʚʝʪʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ [1]. ʕʪʦʪ ʵʬʬʝʢʪ ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʫʝʪ ʚ 
ʛʣʘʜʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʢʘʭ ʠ ʢʨʠʩʪʘʣʣʘʭ. ɺ ʝʛʦ ʦʩʥʦʚʝ ʣʝʞʠʪ ʩʣʦʞʥʘʷ ʢʘʨʪʠʥʘ ʚʦʟʙʫʞʜʝʥʠʷ 
ʦʧʪʠʯʝʩʢʠʭ ʤʦʜ ʤʝʪʘʧʦʚʝʨʭʥʦʩʪʠ - ʜʚʫʤʝʨʥʦʛʦ ʤʘʩʩʠʚʘ ʥʘʥʦʮʠʣʠʥʜʨʦʚ ʬʝʨʨʠʪʘ-ʛʨʘʥʘʪʘ - ʠ 
ʚʣʠʷʥʠʷ ʥʘ ʠʭ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
ʤʘʪʝʨʠʘʣʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʵʢʚʘʪʦʨʠʘʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
(ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʚ ʧʣʦʩʢʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ ʩʚʝʪʘ) 
ʧʨʦʠʩʭʦʜʠʪ ʥʝʯʝʪʥʘʷ ʧʦ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʦʜʫʣʷʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʚ 100 ʨʘʟ 
ʧʨʝʚʦʩʭʦʜʷʱʘʷ ʤʦʜʫʣʷʮʠʶ ʩʚʝʪʘ ʜʣʷ ʛʣʘʜʢʠʭ ʧʣʸʥʦʢ. ɺʘʞʥʦʡ ʯʝʨʪʦʡ ʥʦʚʦʛʦ ʵʬʬʝʢʪʘ 
ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʦʥ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʧʦʣʷʨʠʟʘʮʠʡ ʧʘʜʘʶʱʠʭ ʬʦʪʦʥʦʚ (p ʠ s ï 
ʧʦʣʷʨʠʟʘʮʠʠ), ʘ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʦʜʥʦʡ, ʢʘʢ ʚ ʩʣʫʯʘʝ ʛʣʘʜʢʠʭ ʧʣʸʥʦʢ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ 
ʜʝʣʘʝʪ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʦʯʝʥʴ ʚʘʞʥʳʤ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʩʚʝʪʦʚʳʤʠ ʧʦʪʦʢʘʤʠ ʥʘ 
ʩʫʙʪʝʨʘʛʝʨʮʦʚʳʭ ʯʘʩʪʦʪʘʭ. 

C ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʩʦʟʜʘʥʥʘʷ ʤʘʛʥʠʪʥʘʷ ʤʝʪʘʧʦʚʝʨʭʥʦʩʪʴ ʧʦʟʚʦʣʷʝʪ ʣʦʢʘʣʠʟʦʚʘʪʴ ʩʚʝʪ 
ʚ ʦʙʣʘʩʪʠ ʧʦʨʷʜʢʘ ʜʝʩʷʪʢʦʚ ʥʘʥʦʤʝʪʨʦʚ, ʟʘʧʫʩʢʘʷ ʟʘ ʩʯʝʪ ʦʧʪʦʤʘʛʥʦʥʥʳʭ ʵʬʬʝʢʪʦʚ 
ʦʙʤʝʥʥʳʝ ʩʪʦʷʯʠʝ ʩʧʠʥʦʚʳʝ ʚʦʣʥʳ ʨʘʟʣʠʯʥʳʭ ʧʦʨʷʜʢʦʚ [2]. ʆʪʥʦʩʠʪʝʣʴʥʳʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 
ʚʦʟʙʫʞʜʝʥʠʷ ʦʙʤʝʥʥʳʭ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʤʦʛʫʪ ʙʳʪʴ ʧʦʜʩʪʨʦʝʥʳ 
ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʤʝʥʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ, ʫʛʣʘ ʧʘʜʝʥʠʷ ʠ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʘʶʱʝʛʦ 
ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʨʝʜ ʜʘʝʪ ʫʥʠʢʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ 
ʜʣʷ ʩʝʣʝʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʩʧʠʥʘʤʠ ʚ ʩʨʝʜʝ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ 
ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʡ ʤʘʛʥʦʥʠʢʠ, ʩʧʠʥʪʨʦʥʠʢʠ ʠ ʩʚʷʟʘʥʥʳʭ ʩ ʥʠʤʠ ʢʚʘʥʪʦʚʳʭ 
ʪʝʭʥʦʣʦʛʠʡ.  
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ɸʥʥʦʪʘʮʠʷ. ʅʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ ʣʘʥʛʘʩʠʪʘ (La3Ga5SiO14) ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʩʝʨʠʷ 
ʢʨʠʩʪʘʣʣʦʚ ʩʦʜʝʨʞʘʱʠʭ ʧʘʨʘʤʘʛʥʠʪʥʳʝ ʠʦʥʳ ʞʝʣʝʟʘ A3MFe3X2O14 (A = Ba, Sr; M = Sb, Nb, 
Ta; X = Si, Ge). ʀʟʫʯʝʥʳ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʠ 
ʫʩʪʘʥʦʚʣʝʥ ʜʘʣʴʥʠʡ 3D ʤʘʛʥʠʪʥʳʡ ʧʦʨʷʜʦʢ ʩ ʪʦʯʢʦʡ ʅʝʝʣʷ (TN)  ʚ ʦʙʣʘʩʪʠ 27-37 ʂ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʥʳʝ ʣʘʥʛʘʩʠʪʳ, ʛʝʣʠʢʦʠʜʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʚʳʩʦʢʠʝ ʜʘʚʣʝʥʠʷ, 
ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʤʘʛʥʠʪʥʳʝ ʧʝʨʝʭʦʜʳ, ʩʧʠʥʦʚʳʡ HS-LS ʢʨʦʩʩʦʚʝʨ 
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Abstract. Based on the structure of langasite (La3Ga5SiO14), a series of crystals containing 
paramagnetic iron ions A3MFe3X2O14 (A = Ba, Sr; M = Sb, Nb, Ta; X = Si, Ge) was synthesized. 
The low-temperature magnetic properties of these compounds have been studied, and a long-range 
3D magnetic order has been established with the Neel point in the range of 27-37 K.  
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ʅʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ ʣʘʥʛʘʩʠʪʘ (La3Ga5SiO14) ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʩʝʨʠʷ ʢʨʠʩʪʘʣʣʦʚ 
ʩʦʜʝʨʞʘʱʠʭ ʧʘʨʘʤʘʛʥʠʪʥʳʝ ʠʦʥʳ ʞʝʣʝʟʘ A3MFe3X2O14 (A = Ba, Sr; M = Sb, Nb, Ta; X = Si, 
Ge). ʀʟʫʯʝʥʳ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʠ ʫʩʪʘʥʦʚʣʝʥ 
ʜʘʣʴʥʠʡ 3D ʤʘʛʥʠʪʥʳʡ ʧʦʨʷʜʦʢ ʩ ʪʦʯʢʦʡ ʅʝʝʣʷ (TN)  ʚ ʦʙʣʘʩʪʠ 27-37 ʂ. ʄʘʛʥʠʪʥʦʝ 
ʫʧʦʨʷʜʦʯʝʥʠʝ ʤʦʞʝʪ ʠʥʜʫʮʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʥʳʡ ʧʝʨʝʭʦʜ, ʧʨʠ ʵʪʦʤ ʢʨʠʩʪʘʣʣ ʤʦʞʝʪ ʩʪʘʪʴ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʤ. ʊʘʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʤʘʛʥʠʪʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ 
ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ. ʃʦʢʘʣʠʟʘʮʠʷ ʞʝʣʝʟʘ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʟʠʮʠʷʭ 3f, ʧʨʠʚʦʜʠʪ 
ʢ ʪʨʝʫʛʦʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʨʝʰʝʪʢʝ ʚ ʧʣʦʩʢʦʩʪʠ (ab). ʇʨʠ ʪʨʘʥʩʣʷʮʠʠ ʚʜʦʣʴ ʦʩʠ ʩ ʤʘʛʥʠʪʥʳʝ 
ʤʦʤʝʥʪʳ ʞʝʣʝʟʘ ʧʦʚʦʨʘʯʠʚʘʶʪʩʷ ʥʘ ʦʧʨʝʜʝʣʝʥʥʳʡ ʫʛʦʣ, ʦʙʨʘʟʫʷ ʛʝʣʠʢʦʠʜʘʣʴʥʫʶ 
ʤʘʛʥʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ. ʇʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ ʧʨʦʠʩʭʦʜʠʪ ʥʝʩʢʦʣʴʢʦ ʩʪʨʫʢʪʫʨʥʳʭ 
ʧʝʨʝʭʦʜʦʚ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. ɺ ʯʘʩʪʥʦʩʪʠ, 
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ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʚʳʰʝ 18 ɻʇʘ ʢʨʠʩʪʘʣʣ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʜʚʝ ʤʘʛʥʠʪʥʳʝ ʬʨʘʢʮʠʠ, ʚ ʦʜʥʦʡ ʠʟ 
ʢʦʪʦʨʳʭ ʪʝʤʧʝʨʘʪʫʨʘ ʅʝʝʣʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ ʯʝʪʳʨʝ ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ 
ʟʥʘʯʝʥʠʝʤ TN ʚ ʥʘʯʘʣʴʥʦʡ ʬʘʟʝ (ʩ 27 ʜʦ 115 ʂ). ʇʨʠ ʜʘʚʣʝʥʠʷʭ ʚʳʰʝ 50 ɻʇʘ ʧʨʦʠʩʭʦʜʠʪ 
ʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ, ʢʦʛʜʘ ʜʦʣʷ ʠʦʥʦʚ ʞʝʣʝʟʘ Fe3+ ʚ ʢʠʩʣʦʨʦʜʥʳʭ ʦʢʪʘʵʜʨʘʭ ʧʝʨʝʭʦʜʠʪ ʠʟ 
ʚʳʩʦʢʦʩʧʠʥʦʚʦʛʦ (HS, S = 5/2) ʚ ʥʠʟʢʦʩʧʠʥʦʚʦʝ (LS, S = 1/2) ʩʦʩʪʦʷʥʠʝ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ 
ʥʦʚʦʤʫ ʠʟʤʝʥʝʥʠʶ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. ʋʩʪʘʥʦʚʣʝʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ 
LS-ʧʦʜʨʝʰʝʪʢʠ 22(1) K, ʠ ʠʟʫʯʝʥʳ ʤʘʛʥʠʪʥʳʝ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ HS- ʠ LS-ʧʦʜʨʝʰʝʪʢʘʤʠ. 

 

 

ɼʀʕʃɽʂʊʈʀʏɽʉʂɸʗ ʄɸɻʅʆʅʀʂɸ ï ʆʊ ɻʀɻɸɻɽʈʎɽɺ ʂ 
ʊɽʈɸɻɽʈʎɸʄ 
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DIELECTRIC MAGNONICS ï FROM GIGAHERZ TO 
TERAHERZ FREQUENCIES  

Nikitov S.A. 
Kotelnikov IRE RAS  

Annotation: An overview of the current state of research in the field of dielectric magnonics and 
magnonic spintronics is presented. 
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ʇʨʝʜʩʪʘʚʣʝʥ ʦʙʟʦʨ ʩʦʚʨʝʤʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʤʘʛʥʦʛʥʠʢʠ ʠ ʤʘʛʥʦʥʥʦʡ ʩʧʠʥʪʨʦʥʠʢʠ. ʆʧʠʩʘʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 
ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʨʘʩʯʝʪʘ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʦʥʥʳʭ ʤʠʢʨʦ- ʠ 
ʥʘʥʦʩʪʨʫʢʪʫʨ. ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ ʧʦʥʷʪʠʷ ʤʘʛʥʦʥʥʦʡ ʩʧʠʥʪʨʦʥʠʢʠ, ʬʠʟʠʯʝʩʢʠʝ 
ʵʬʬʝʢʪʳ, ʥʘ ʢʦʪʦʨʳʭ ʦʥʘ ʦʩʥʦʚʘʥʘ, ʘ ʪʘʢ ʞʝ ʧʝʨʩʧʝʢʪʠʚʳ ʝʝ ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ ʩʠʩʪʝʤ 
ʦʙʨʘʙʦʪʢʠ, ʧʝʨʝʜʘʯʠ ʠ ʧʨʠʝʤʘ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʠʛʥʘʣʦʚ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ 
ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʚʳʰʝʥʠʷ ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ ʤʘʛʥʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʦʪ ʛʠʛʘʛʝʨʮʝʚʦʛʦ ʯʘʩʪʦʪʥʦʛʦ 
ʜʠʘʧʘʟʦʥʘ ʜʦ ʪʝʨʘʛʝʨʮʝʚʦʛʦ. ʆʙʩʫʞʜʘʶʪʩʷ ʢʦʥʢʨʝʪʥʳʝ ʨʝʘʣʠʟʘʮʠʠ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ 
ʤʘʛʥʦʥʠʢʠ, ʘ ʪʘʢʞʝ ʧʫʪʠ ʠʭ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ. 
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ʉɺɽʈʍɹʓʉʊʈɸʗ ʄɸɻʅʀʊʆʆʇʊʀʂɸ ʉʊʈʋʂʊʋʈ ʉʆ ʉʇʀʅ 
ʇɽʈɽʆʈʀɽʅʊɸʎʀʆʅʅʓʄ ʇɽʈɽʍʆɼʆʄ  

ʇʨʝʦʙʨʘʞʝʥʩʢʠʡ ɺ.ʃ.,  
ʜ.ʬ.-ʤ.ʥ, ʧʨʦʬʝʩʩʦʨ, ʛʣʘʚ. ʥʘʫʯ. ʩʦʪʨ. ʅʎɺʀ ʀʆʌ ʈɸʅ 

ʄʠʰʠʥʘ ɽ.ɼ.,  
ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʟʘʚ. ʣʘʙʦʨʘʪʦʨʠʝʡ, ʢʘʬ. ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʌʊʀ ʈʊʋ ʄʀʈʕɸ 

ʉʠʛʦʚ ɸ.ʉ. 
ʜ.ʬ.-ʤ.ʥ., ʘʢʘʜʝʤʠʢ ʈɸʅ, ʟʘʚ. ʢʘʬ. ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʌʊʀ, ʧʨʝʟʠʜʝʥʪ ʈʊʋ ʄʀʈʕɸ 

ʉʧʠʥ-ʧʝʨʝʦʨʠʝʥʪʘʮʠʦʥʥʳʡ ʧʝʨʝʭʦʜ (ʉʇʇ) ʚ ʤʘʛʥʝʪʠʢʘʭ ʠʟʚʝʩʪʝʥ ʢʘʢ ʷʨʢʠʡ ʧʨʠʤʝʨ 
ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʪʠʧʘ ʧʦʨʷʜʦʢ-ʧʦʨʷʜʦʢ [1]. ʕʪʠ ʧʝʨʝʭʦʜʳ ʧʨʦʷʚʣʷʶʪʩʷ ʢʘʢ ʠʟʤʝʥʝʥʠʝ 
ʦʨʠʝʥʪʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʚʥʝʰʥʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʪʘʢʠʭ ʢʘʢ 
ʪʝʤʧʝʨʘʪʫʨʘ, ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʥʘʧʨʷʞʝʥʠʝ ʠ ʪ. ʧ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ 
ʧʨʠʚʣʝʢʘʶʪ ʵʬʬʝʢʪʳ, ʚʳʟʚʘʥʥʳʝ ʩʚʝʨʭʙʳʩʪʨʳʤ ʦʧʪʠʯʝʩʢʠʤ ʚʦʟʙʫʞʜʝʥʠʝʤ ʚʙʣʠʟʠ ʉʇʇ. ɺ 
ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʉʇʇ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɹʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ 
ʥʝʢʦʪʦʨʳʝ ʩʧʝʮʠʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʪʘʢʠʝ ʢʘʢ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʠʣʠ ʦʯʝʥʴ ʪʦʥʢʠʝ ʧʣʝʥʢʠ, 
ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʉʇʇ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʠ ʜʘʞʝ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ɼʦ ʩʠʭ 
ʧʦʨ ʩʚʝʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʵʬʬʝʢʪʳ ʙʳʣʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʪʦʣʴʢʦ ʚʙʣʠʟʠ ʉʇʇ, 
ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʦʡ. 

ʀʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 
ʦʙʣʘʜʘʶʪ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʡ. ʕʪʠ 
ʩʪʨʫʢʪʫʨʳ ʩʦʯʝʪʘʶʪ ʚ ʩʝʙʝ ʛʠʛʘʥʪʩʢʫʶ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʶ, ʢʦʥʪʨʦʣʠʨʫʝʤʫʶ ʤʘʛʥʠʪʥʫʶ 
ʘʥʠʟʦʪʨʦʧʠʶ, ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ. ɺ ʵʪʠʭ ʩʪʨʫʢʪʫʨʘʭ ʚʦʟʤʦʞʥʳ ʩʧʠʥ-
ʧʝʨʝʦʨʠʝʥʪʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʝ.  

ɺ ʜʦʢʣʘʜʝ ʤʳ ʧʨʝʜʩʪʘʚʣʷʝʤ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʧʠʥʦʚʦʡ ʜʠʥʘʤʠʢʠ, 
ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʚʝʨʭʙʳʩʪʨʳʤ ʦʧʪʠʯʝʩʢʠʤ ʚʦʟʙʫʞʜʝʥʠʝʤ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ TbCo2/FeCo. 
ʀʟʤʝʨʷʣʘʩʴ ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫʛʣʘ ʧʦʚʦʨʦʪʘ ʧʣʦʩʢʦʩʪʠ ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʝʛʦ 
ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʩʪʨʫʢʪʫʨʫ, ʚʦʟʙʫʞʜʘʝʤʫʶ ʦʧʪʠʯʝʩʢʠʤ ʠʤʧʫʣʴʩʦʤ ʥʘʢʘʯʢʠ 
ʜʣʠʪʝʣʴʥʦʩʪʴʶ 35 ʬʩ (ʜʠʥʘʤʠʯʝʩʢʠʡ ʤʘʛʥʠʪʦ-ʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʂʝʨʨʘ, ʩʭʝʤʘ  ʦʧʪʠʯʝʩʢʦʛʦ 
ʚʦʟʙʫʞʜʝʥʠʷ-ʟʦʥʜʠʨʦʚʘʥʠʷ). ʆʙʥʘʨʫʞʝʥʘ ʛʠʩʪʝʨʝʟʠʩʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʚʦʨʦʪʘ ʧʣʦʩʢʦʩʪʠ 
ʧʦʣʷʨʠʟʘʮʠʠ ʦʪ ʥʘʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ, ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʩʧʠʥʦʚʦʡ ʜʠʥʘʤʠʢʠ ʚʙʣʠʟʠ ʉʇʇ. 
ʋʩʠʣʝʥʠʝ ʚʨʘʱʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʢʨʠʪʠʯʝʩʢʠʭ ʪʦʯʢʘʭ ʉʇʇ ʠ ʚʙʣʠʟʠ ʪʦʯʝʢ ʧʝʨʝʢʣʶʯʝʥʠʷ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠʟ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʚ ʩʪʘʙʠʣʴʥʳʝ ʩʧʠʥʦʚʳʝ ʩʦʩʪʦʷʥʠʷ.  ʈʝʟʫʣʴʪʘʪʳ 
ʵʢʩʧʝʨʠʤʝʥʪʘ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ï ɻʠʣʴʙʝʨʪʘ 
(ʃʃɻ), ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʩʧʠʥʦʚʦʡ ʩʠʩʪʝʤʝ ʚ ʫʩʣʦʚʠʷʭ ʥʝʢʦʛʝʨʝʥʪʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ 
ʧʦʜʘʚʣʝʥʠʷ ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ [2]. 

ɼʠʥʘʤʠʯʝʩʢʦʝ ʫʧʨʘʚʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʧʦʟʚʦʣʷʝʪ ʚ ʩʪʨʫʢʪʫʨʘʭ, ʦʙʣʘʜʘʶʱʠʭ 
ʉʇʇ, ʫʧʨʘʚʣʷʪʴ ʠ ʜʨʫʛʠʤʠ ʜʠʥʘʤʠʯʝʩʢʠʤʠ ʵʬʬʝʢʪʘʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʧʦʣʷʨʠʟʘʮʠʝʡ 
ʪʝʨʘʛʝʨʮʦʚʦʛʦ (ʊɻʮ) ʠʟʣʫʯʝʥʠʷ. ʌʝʤʪʦʩʝʢʫʥʜʥʳʡ ʦʧʪʠʯʝʩʢʠʡ ʠʤʧʫʣʴʩ ʛʝʥʝʨʠʨʫʝʪ ʚ 
ʩʪʨʫʢʪʫʨʝ ʩʧʠʥʦʚʳʡ ʪʦʢ, ʧʨʝʦʙʨʘʟʫʶʱʠʡʩʷ ʚ ʟʘʨʷʜʦʚʳʡ ʪʦʢ, ʦʨʪʦʛʦʥʘʣʴʥʳʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʀʟʤʝʥʝʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʫʛʣʦʚʦʡ (ʥʘʢʣʦʥʥʦʡ) ʬʘʟʝ 
ʉʇʇ ʚʳʟʳʚʘʝʪ ʧʦʚʦʨʦʪ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʝʝ ʚʝʣʠʯʠʥʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʊɻʮ 
ʧʦʣʷʨʠʟʘʮʠʷ ʚʨʘʱʘʝʪʩʷ ʩʠʥʭʨʦʥʥʦ ʩ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 
ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [3]. 
1. ʂ.ʇ. ɹʝʣʦʚ, ɸ.ʂ. ɿʚʝʟʜʠʥ, ɸ.ʄ. ʂʘʜʦʤʮʝʚʘ, ʈ.3. ʃʝʚʠʪʠʥ, ʋʌʅ 119, 447 (1976). 
2. S. Ovcharenko, M. Gaponov, A. Klimov, N. Tiercelin, P. Pernod, E. Mishina, A. Sigov, V. 

Preobrazhensky, Scientific reports   10, 15785 (2020). 
3. D. Khusyainov, S.Ovcharenko, M. Gaponov, A. Buryakov, A. Klimov, V. Nozdrin, N.Tiercelin, P. 

Pernod, E. Mishina, A. Sigov, V. Preobrazhensky Scientific Reports 11,  697 (2021). 
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ʌɽʈʈʆʄɸɻʅʀʊʅʓɽ ʄʀʂʈʆʇʈʆɺʆɼɸ ʂɸʂ ʉɽʅʉʆʈʅʓɽ ʀ 
ʋʇʈɸɺʃʗʖʑʀɽ ʉʀʉʊɽʄʓ ɼʃʗ ʇʈʀʃʆɾɽʅʀʁ ɺ 

ɹʀʆʄɽɼʀʎʀʅɽ 

ʇʘʥʠʥʘ ʃ.ɺ. 

ɼ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, 
 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʄʀʉʀʉ) 

ɹʘʣʪʠʡʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʀʤʤʘʥʫʠʣʘ ʂʘʥʪʘ  
 
ʉʠʩʪʝʤʳ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʩʧʝʮʠʬʠʯʝʩʢʠʤʠ ʤʘʛʥʠʪʥʳʤʠ ʠ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʨʠʛʦʜʥʳʤʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʝʥʩʦʨʥʳʭ 
ʧʨʠʤʝʥʝʥʠʡ, ʚʢʣʶʯʘʷ ʙʠʦʤʝʜʠʮʠʥʩʢʫʶ ʦʙʣʘʩʪʴ. ʇʦʤʠʤʦ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 
ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʠʢʨʦ- ʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʩʝʥʩʦʨʥʦʡ ʪʝʭʥʦʣʦʛʠʠ 
ʦʯʝʥʴ ʦʛʨʘʥʠʯʝʥʦ. ɺ ʜʘʥʥʦʤ ʦʙʟʦʨʝ ʦʙʩʫʞʜʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʤʦʨʬʥʳʭ ʤʘʛʥʠʪʦʤʷʛʢʠʭ 
ʧʨʦʚʦʜʦʚ ʚ ʢʘʯʝʩʪʚʝ ʚʩʪʨʦʝʥʥʳʭ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʣʦʢʘʣʴʥʳʭ 
ʥʘʧʨʷʞʝʥʠʡ, ʥʘʧʨʠʤʝʨ ʚ ʠʤʧʣʘʥʪʘʪʘʭ, ʠ ʢʦʥʪʨʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʪʝʨʤʦʪʝʨʘʧʠʠ. ʕʪʦ 
ʦʩʥʦʚʘʥʦ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʘʢʠʭ ʬʠʟʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʢʘʢ ʙʳʩʪʨʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʛʝʥʝʨʠʨʫʶʱʝʝ ʩʠʛʥʘʣ ʥʘʧʨʷʞʝʥʠʷ ʩ ʚʳʩʰʠʤʠ ʛʘʨʤʦʥʠʢʘʤʠ, ʛʠʛʘʥʪʩʢʠʡ 
ʤʘʛʥʠʪʦʠʤʧʝʜʘʥʩ ʥʘ ʯʘʩʪʦʪʘʭ ʚʧʣʦʪʴ ʜʦ ɻɻʮ ʠ ʜʠʥʘʤʠʯʝʩʢʘʷ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʚʷʟʴ. 
ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʵʬʬʝʢʪʠʚʥʳʭ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʤʘʛʥʠʪʥʳʝ 
ʤʠʢʨʦʧʨʦʚʦʜʘ ʙʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ CoFeSiB ʚ ʘʤʦʨʬʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʆʪʩʫʪʩʪʚʠʝ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʟʚʦʣʷʝʪ ʫʩʪʘʥʦʚʠʪʴ ʪʨʝʙʫʝʤʫʶ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʟʘ 
ʩʯʝʪ ʥʘʚʝʜʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʤʘʛʥʠʪʦʫʧʨʫʛʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʯʪʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ   ʧʨʠ 
ʦʧʨʝʜʝʣʝʥʥʦʡ ʢʦʤʙʠʥʘʮʠʠ ʩʦʩʪʘʚʘ ʩʧʣʘʚʘ, ʛʝʦʤʝʪʨʠʠ ʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ. ʅʘʧʨʠʤʝʨ, ʚ 
ʨʝʟʫʣʴʪʘʪʝ ʪʦʢʦʚʦʛʦ ʦʪʞʠʛʘ ʚʦʟʜʝʡʩʪʚʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ 
ʠʟʤʝʥʠʪʴ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʠ ʧʨʦʮʝʩʩʳ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ. ɼʣʷ ʢʦʥʪʨʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 
ʜʠʘʧʘʟʦʥʝ 40-60 Á C ʧʨʝʜʣʘʛʘʶʪʩʷ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠʟ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ CoFe ʩ ʜʦʙʘʚʣʝʥʠʝʤ 
Cr ʠʣʠ Ni, ʧʦʩʢʦʣʴʢʫ ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ ʤʦʞʝʪ ʠʟʤʝʥʷʪʴʩʷ ʚ ʧʨʝʜʝʣʘʭ ʵʪʦʛʦ ʠʥʪʝʨʚʘʣʘ ʩ 
ʧʦʤʦʱʴʶ ʦʧʪʠʤʘʣʴʥʦʛʦ ʦʪʞʠʛʘ. 

ʈʝʰʝʪʢʠ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʪʘʢʞʝ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʩʦʟʜʘʥʠʷ 
ʚʳʩʦʢʦʛʨʘʜʠʝʥʪʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʧʦʨʷʜʢʘ ρπ ρπ ʊ/ʤ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʫʧʨʘʚʣʷʪʴ 
ʜʠʥʘʤʠʢʦʡ  ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʠ ʜʘʞʝ ʜʠʘʤʘʛʥʠʪʥʳʭ ʢʣʝʪʦʢ. ʅʘʧʨʠʤʝʨ, ʧʘʨʘ 
ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʥʘʤʘʛʥʠʯʝʥʥʳʭ ʚʜʦʣʴ ʜʠʘʤʝʪʨʘ (ʜʠʧʦʣʴʥʘʷ ʧʘʨʘ), ʩʦʟʜʘʝʪ ʫʥʠʢʘʣʴʥʳʡ 
ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʧʨʦʬʠʣʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʟʘʭʚʘʪʘ 
ʜʠʘʤʘʛʥʠʪʥʳʭ ʢʣʝʪʦʢ. ʂʦʥʪʨʦʣʠʨʫʝʤʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 
ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʶʩʘʤʠ ʦʧʨʝʜʝʣʝʥʥʦ ʥʘʤʘʛʥʠʯʝʥʥʳʭ 
ʤʠʢʨʦʧʨʦʚʦʜʦʚ,   ʤʦʞʝʪ ʙʳʪʴ ʧʝʨʩʧʝʢʪʠʚʥʦ  ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʦʬʦʨʝʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ 
ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʤʠʛʨʘʮʠʝʡ ʞʠʚʳʭ ʢʣʝʪʦʢ ʠ ʥʘʧʨʘʚʣʝʥʥʦʡ ʜʦʩʪʘʚʢʠ ʣʝʢʘʨʩʪʚ. 

  

 

ǔǓǓǓ-2021 10 ǖǲǬǴǧǷǴȂǬ ǫǵǱǲǧǫȂ



ʇʘʤʷʪʠ ɸʥʘʪʦʣʠʷ ʄʠʭʘʡʣʦʚʠʯʘ ɹʘʣʙʘʰʦʚʘ, 
ʤʘʛʘ ʠ ʯʘʨʦʜʝʷ ʮʘʨʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ 

 

ʅʘ 85 ʛʦʜʫ ʫʰʝʣ ʠʟ ʞʠʟʥʠ ʤʦʡ ʜʘʚʥʠʡ ʜʨʫʛ ʠ ʩʦʨʘʪʥʠʢ  
ɸʥʘʪʦʣʠʡ ʄʠʭʘʡʣʦʚʠʯ ɹʘʣʙʘʰʦʚ, ʪʘʣʘʥʪʣʠʚʝʡʰʠʡ ʨʦʩʩʠʡʩʢʠʡ 
ʬʠʟʠʢ, ɼʘʥʠʣʘ-ʤʘʩʪʝʨ ʥʘʰʝʛʦ ʚʨʝʤʝʥʠ, ʪʚʦʨʝʥʠʷʤ ʢʦʪʦʨʦʛʦ 

ʧʦʟʘʚʠʜʦʚʘʣʘ ʙʳ ʠ ʩʘʤʘ ʭʦʟʷʡʢʘ ʄʝʜʥʦʡ ʛʦʨʳ... 

 ʉɺɽʊʃɸʗ ɽʄʋ ʇɸʄʗʊʔé  
 ʌ.ɺ. ʃʠʩʦʚʩʢʠʡ 



ɺʦʩʧʦʤʠʥʘʥʠʷ ʢʦʣʣʝʛ ʦʙ ɸ.ʄ. ɹʘʣʙʘʰʦʚʝ 
 
ɸ.ʂ. ɿɺɽɿɼʀʅ 

ʋʰʝʣ ʠʟ ʞʠʟʥʠ ɸʥʘʪʦʣʠʡ ʄʠʭʘʡʣʦʚʠʯ ï ʙʦʣʴʰʦʡ ʫʯʝʥʳʡ, ʧʝʨʚʦʢʣʘʩʩʥʳʡ ʟʥʘʪʦʢ ʠ 
ʩʦʟʜʘʪʝʣʴ ʥʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʧʣʝʥʦʢ, ʤʥʦʛʦ ʩʜʝʣʘʚʰʠʡ ʜʣʷ ʤʘʛʥʠʪʥʦʡ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ. ʗ 
ʭʦʨʦʰʦ ʧʦʤʥʶ ʝʛʦ ʘʢʪʠʚʥʫʶ, ʫʚʣʝʯʝʥʥʫʶ ʜʝʷʪʝʣʴʥʦʩʪʴ ʚ ɿʝʣʝʥʦʛʨʘʜʝ ʝʱʝ ʚ 70 ʛʦʜʳ; ʦʥ 
ʦʯʝʥʴ ʧʦʤʦʛ ʪʦʛʜʘ ʨʘʟʚʠʪʠʶ ʪʝʭʥʦʣʦʛʠʠ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʥʘʰʝʡ ʩʪʨʘʥʝ. ʀ ʪʦʛʜʘ, ʠ 
ʧʦʟʞʝ, ʚʧʣʦʪʴ ʜʦ ʧʦʩʣʝʜʥʝʛʦ ʚʨʝʤʝʥʠ, ʤʥʦʛʠʝ ʣʘʙʦʨʘʪʦʨʠʠ ʚ ʉʉʉʈ, ʚ ʈʦʩʩʠʠ ʠ ʟʘ ʨʫʙʝʞʦʤ 
ʩʜʝʣʘʣʠ ʤʥʦʛʦ ʠʥʪʝʨʝʩʥʳʭ ʠ ʚʘʞʥʳʭ ʦʪʢʨʳʪʠʡ ʥʘ ʝʛʦ ʤʘʪʝʨʠʘʣʘʭ. ʂʨʠʩʪʘʣʣʳ ɹʘʣʙʘʰʦʚʘ 
ʟʥʘʶʪ ʠ ʮʝʥʷʪ ʚʦ ʚʩʝʤ ʤʠʨʝ. ɹʦʣʴʰʘʷ ʧʦʪʝʨʷ ʜʣʷ ʚʩʝʭ ʥʘʩ. 

 

ʈ.ɺ. ʇʀʉɸʈɽɺ 
ʗ ʙʳʣ ʟʥʘʢʦʤ ʩ ɸʥʘʪʦʣʠʝʤ ʩ ʜʘʣʸʢʠʭ ʩʦʚʝʪʩʢʠʭ ʚʨʝʤʝʥ, ʠ ʤʳ ʤʥʦʛʦ ʦʙʱʘʣʠʩʴ ʥʘ 

ʤʘʛʥʠʪʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ. ʅʦ ʤʦʠ ʙʦʣʝʝ ʪʝʩʥʳʝ ʥʘʫʯʥʳʝ ʠ ʯʝʣʦʚʝʯʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ 
ʩʣʦʞʠʣʠʩʴ ʩ ɸʥʘʪʦʣʠʝʤ ʣʠʰʴ ʦʢʦʣʦ 20 ʣʝʪ ʪʦʤʫ ʥʘʟʘʜ. ʗ, ʙʳʚʘʷ ʚ ʄʦʩʢʚʝ ʜʘʞʝ ʩ ʢʦʨʦʪʢʠʤʠ 
ʚʠʟʠʪʘʤʠ, ʚʩʝʛʜʘ ʩʪʘʨʘʣʩʷ ʟʘʡʪʠ ʢ ʥʝʤʫ ʚ ʣʘʙʦʨʘʪʦʨʠʶ, ʠ ʦʥ ʚʩʝʛʜʘ ʙʳʣ ʨʘʜ ʧʦʜʝʣʠʪʴʩʷ 
ʧʦʩʣʝʜʥʠʤʠ ʥʦʚʦʩʪʷʤʠ ʠ ʧʦ ʥʦʚʳʤ ʢʨʠʩʪʘʣʣʘʤ ʠ ʥʝ ʪʦʣʴʢʦ ʦʙ ʵʪʦʤ. ʀʥʦʛʜʘ ʢ ʢʦʥʮʫ ʨʘʙʦʯʝʛʦ 
ʜʥʷ ʦʥ ʦʪʚʦʟʠʣ ʤʝʥʷ ʥʘ ʩʚʦʝʤ ʘʚʪʦʤʦʙʠʣʝ ʥʘ ʃʝʥʠʥʛʨʘʜʩʢʠʡ ʚʦʢʟʘʣ ʢ ʉʘʧʩʘʥʫ ʥʘ ʇʝʪʝʨʙʫʨʛ. 
ʉʦʚʤʝʩʪʥʳʭ ʩʪʘʪʝʡ ʫ ʥʘʩ ʦʢʘʟʘʣʦʩʴ ʥʝ ʦʯʝʥʴ ʤʥʦʛʦ ï ʦʢʦʣʦ 10, ʥʦ ʩʨʝʜʠ ʥʠʭ ʦʜʥʘ ʠʟ ʝʛʦ 
ʥʘʠʙʦʣʝʝ ʮʠʪʠʨʫʝʤʳʭ ʨʘʙʦʪ ʚ Nature 2005. ʅʘʰʘ ʩʦʚʤʝʩʪʥʘʷ ʧʦʩʣʝʜʥʷʷ ʨʘʙʦʪʘ ʙʳʣʘ 
ʦʬʠʮʠʘʣʴʥʦ ʚʳʚʝʰʝʥʘ ʚ ʚʳʧʫʩʢʝ ʦʪ 25 ʤʘʨʪʘ 2021. 

 
ɸ.ɸ. ʄʋʍʀʅ 

ʆʜʥʦʡ ʠʟ ʫʥʠʢʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʦʟʜʘʥʥʦʡ ʠʤ ʫʩʪʘʥʦʚʢʠ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 
ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ ʚ ʛʘʟʦʚʦʡ ʘʪʤʦʩʬʝʨʝ (ʢʠʩʣʦʨʦʜ, ʘʨʛʦʥ ...) ʧʨʠ  ʜʘʚʣʝʥʠʠ ʜʦ 100 ʘʪʤ., ʯʪʦ 
ʦʪʩʫʪʩʪʚʫʝʪ ʫ ʙʦʣʴʰʠʥʩʪʚʘ ʟʘʨʫʙʝʞʥʳʭ ʘʥʘʣʦʛʦʚ.  
ɺ ʣʘʙʦʨʘʪʦʨʠʠ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ (ʄʕʀ), ʩʦʟʜʘʥʥʦʡ ɸ.ʄ. ɹʘʣʙʘʰʦʚʳʤ, ʩʦʩʪʘʚ ʢʦʪʦʨʦʡ 
ʠʥʦʛʜʘ ʜʦʭʦʜʠʣ ʜʦ 20 ʯʝʣʦʚʝʢ, ʙʳʣʦ ʚʳʨʘʱʝʥʦ ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 
ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʚʝʱʝʩʪʚ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʤʘʛʥʠʪʥʳʭ (ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʬʝʨʨʠʪʳ-ʛʨʘʥʘʪʳ, 
ʦʨʪʦʬʝʨʨʠʪʳ, ʚʪʩʧ-ʢʫʧʨʘʪʳ, ʤʘʥʛʘʥʠʪʳ, ʦʙʣʘʜʘʶʱʠʝ ʢʦʣʦʩʩʘʣʴʥʳʤ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 
ʠ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʛʝʢʩʘʬʝʨʨʠʪʳ ʩʣʦʞʥʳʭ ʩʦʩʪʘʚʦʚ ʩ ʥʝʩʦʨʘʟʤʝʨʥʳʤʠ 
ʤʘʛʥʠʪʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ, ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʤʘʛʥʠʪʥʳʭ ʩʠʩʪʝʤ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʣʘʥʛʘʩʠʪʘ ʠ 
ʜʨʫʛʠʭ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ), ʘ ʪʘʢʞʝ ʤʥʦʞʝʩʪʚʦ ʥʝʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚʢʣʶʯʘʷ ʨʘʟʣʠʯʥʳʝ 
ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʧʦʜʣʦʞʝʢ. 

ɸ.ʄ. ɹʘʣʙʘʰʦʚ ʘʢʪʠʚʥʦ ʩʦʪʨʫʜʥʠʯʘʣ ʩ ʜʝʩʷʪʢʘʤʠ ʥʘʫʯʥʳʭ ʛʨʫʧʧ ʠ ʣʘʙʦʨʘʪʦʨʠʡ ʚ 
ʈʦʩʩʠʠ, ɽʚʨʦʧʝ, ʉʐɸ. ʅʘ ʝʛʦ ʢʨʠʩʪʘʣʣʘʭ ʠ ʩ ʝʛʦ ʫʯʘʩʪʠʝʤ ʧʦʣʫʯʝʥʦ ʤʥʦʛʦ ʥʦʚʳʭ ʠ 
ʠʥʪʝʨʝʩʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʤʫʣʴʪʠʬʝʨʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʥʛʘʥʠʪʘʭ ʦʙʥʘʨʫʞʝʥʳ 
ʥʦʚʳʝ ʩʧʠʥʦʚʳʝ ʚʦʟʙʫʞʜʝʥʠʷ ï ʵʣʝʢʪʨʦʤʘʛʥʦʥʳ, ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʠʭ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ, ʘ ʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʨʪʦʬʝʨʨʠʪʘʭ 
ʦʪʢʨʳʪʦ ʩʚʝʨʭʙʳʩʪʨʦʝ ʥʝʪʝʧʣʦʚʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʢʦʨʦʪʢʠʭ 
ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʠ ʤʥʦʛʦ ʜʨʫʛʠʭ ʷʚʣʝʥʠʡ.  
ɸʥʘʪʦʣʠʡ ʄʠʭʘʡʣʦʚʠʯ ʙʳʣ ʧʨʠʨʦʞʜʝʥʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʦʤ, ʯʝʣʦʚʝʢʦʤ ʩ ʦʛʨʦʤʥʦʡ 
ʠʥʪʫʠʮʠʝʡ ʠ ʩʧʦʩʦʙʥʳʤ ʩʚʦʠʤʠ ʨʫʢʘʤʠ ʚʦʧʣʦʱʘʪʴ ʩʚʦʠ ʠʜʝʠ. ɺʧʣʦʪʴ ʜʦ ʩʘʤʦʛʦ ʧʦʩʣʝʜʥʝʛʦ 
ʚʨʝʤʝʥʠ ʦʥ ʘʢʪʠʚʥʦ ʨʘʙʦʪʘʣ ʚ ʣʘʙʦʨʘʪʦʨʠʠ, ʚʳʨʘʱʠʚʘʣ ʢʨʠʩʪʘʣʣʳ, ʠ ʤʦʛ ʙʳ ʩʜʝʣʘʪʴ ʝʱʝ 
ʦʯʝʥʴ ʤʥʦʛʦʝ... 

 



ʉ. ɹɸʈʀʃʆ  
ʆʥ, ʥʝʩʦʤʥʝʥʥʦ ʙʳʣ ʦʜʥʠʤ ʠʟ ʢʨʫʧʥʝʡʰʠʭ ʫʯʝʥʳʭ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ, ʭʠʤʠʠ ʠ 

ʪʝʭʥʠʢʠ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ ʚʦ ʚʪʦʨʦʡ ʧʦʣʦʚʠʥʝ 20-ʛʦ ʠ ʜʚʫʭ ʜʝʢʘʜ 21 ʚʝʢʦʚ. ɺ ʪʝʯʝʥʠʝ ʙʦʣʝʝ 
ʩʦʨʦʢʘ ʣʝʪ ʤʥʦʛʠʝ ʝʛʦ ʧʫʙʣʠʢʘʮʠʠ ʠ ʜʦʢʣʘʜʳ ʙʳʣʠ ʥʝʟʘʤʝʥʠʤʳʤ ʧʦʜʩʧʦʨʴʝʤ ʚ ʤʦʠʭ ʠ 
ʢʦʣʣʝʛ ʠʟ ʄʠʥʩʢʘ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ɸ ʝʛʦ ʟʘʤʝʯʘʪʝʣʴʥʳʝ ʢʨʠʩʪʘʣʣʳ ʚʩʝʛʜʘ ʙʳʣʠ ʜʣʷ ʤʝʥʷ 
ʤʝʨʠʣʦʤ ʩʦʚʝʨʰʝʥʩʪʚʘ ʚ ʩʦʟʜʘʥʠʠ ʦʙʨʘʟʮʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʝʪʠʟʤʘ. ʅʝʦʩʧʦʨʠʤʳʤʠ 
ʷʚʣʷʶʪʩʷ ʜʦʩʪʠʞʝʥʠʷ ɸʥʘʪʦʣʠʷ ʄʠʭʘʡʣʦʚʠʯʘ ʠ ʝʛʦ ʩʦʪʨʫʜʥʠʢʦʚ ʚ ʨʘʟʚʠʪʠʠ ʤʝʪʦʜʦʚ ʠ 
ʫʥʠʢʘʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʙʝʩʪʠʛʝʣʴʥʦʡ ʟʦʥʥʦʡ ʧʣʘʚʢʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʞʠʜʢʦʬʘʟʥʦʡ 
ʵʧʠʪʘʢʩʠʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʋʰʝʣ ʫʯʝʥʳʡ ʠ ʫʯʠʪʝʣʴ, ʥʦ 
ʚʝʨʶ ï ʦʩʪʘʣʠʩʴ ʚ ʈʦʩʩʠʠ ʠ ʟʘ ʝʸ ʧʨʝʜʝʣʘʤʠ ʫʯʝʥʠʢʠ ɸ.ʄ. ɹʘʣʙʘʰʦʚʘ, ï ʪʝ, ʢʪʦ ʧʨʦʜʦʣʞʘʪ 
ʝʛʦ ʜʝʣʦ. ʀ ʵʪʦ ʙʫʜʝʪ ʣʫʯʰʘʷ ʥʘʰʘ ʧʘʤʷʪʴ ʦ ʥʸʤ. 
 
ʉ.ɺ. ʅɸʋʄʆɺ 

ɺ 2006 ʛʦʜʫ ʤʳ ʧʦʢʫʧʘʣʠ ʋʩʪʘʥʦʚʢʫ ʙʝʩʪʠʛʝʣʴʥʦʡ ʟʦʥʥʦʡ ʧʣʘʚʢʠ, ʠ ʷ ʜʚʝ ʥʝʜʝʣʠ 
ʧʨʦʚʝʣ ʚ ʄʕʀ ʩ ɸʥʘʪʦʣʠʝʤ ʄʠʭʘʡʣʦʚʠʯʝʤ. ʄʳ ʚʤʝʩʪʝ ʩʦʙʠʨʘʣʠ ʋʩʪʘʥʦʚʢʫ ʠ ʛʦʪʦʚʠʣʠ ʝʝ ʢ 
ʦʪʧʨʘʚʢʝ ʚ ɽʢʘʪʝʨʠʥʙʫʨʛ. ɺʩʝ ʧʦʩʣʝʜʫʶʱʠʝ ʛʦʜʳ ʤʳ ʥʝ ʧʨʝʨʳʚʘʣʠ ʢʦʥʪʘʢʪʦʚ, ʪ.ʢ. ʷ 
ʧʦʩʪʦʷʥʥʦ ʦʙʨʘʱʘʣʩʷ ʢ ɸʥʘʪʦʣʠʶ ʄʠʭʘʡʣʦʚʠʯʫ ʩ ʚʦʧʨʦʩʘʤʠ ʠ ʧʨʦʩʠʣ ʫ ʥʝʛʦ ʩʦʚʝʪʦʚ ʧʦ ʪʝʤ 
ʠʣʠ ʠʥʳʤ ʚʦʧʨʦʩʘʤ. ʇʦʩʣʝʜʥʠʡ ʨʘʟ ʤʳ ʩʦʟʚʘʥʠʚʘʣʠʩʴ ʦʩʝʥʴʶ ʧʨʦʰʣʦʛʦ ʛʦʜʘ. ʅʝʩʤʦʪʨʷ ʥʘ 
ʧʘʥʜʝʤʠʶ, ɸʥʘʪʦʣʠʡ ʄʠʭʘʡʣʦʚʠʯ ʙʳʣ ʥʘ ʨʘʙʦʪʝ. 

 

ʂʨʘʪʢʘʷ ʙʠʦʛʨʘʬʠʷ 
 

ɸ.ʄ. ɹʘʣʙʘʰʦʚ ʨʦʜʠʣʩʷ ʚ 1936 ʛʦʜʫ ʚ ʛʦʨʦʜʝ ɽʩʩʝʥʪʫʢʠ. ɺ 1954 ʛʦʜʫ ʦʢʦʥʯʠʣ 
ʩʨʝʜʥʶʶ ʰʢʦʣʫ ʚ ʛʦʨʦʜʝ ʋʩʪʴ-ɹʫʟʫʣʫʢ ʩ ʩʝʨʝʙʨʷʥʦʡ ʤʝʜʘʣʴʶ ʠ ʚ ʪʦʤ ʞʝ ʛʦʜʫ ʧʦʩʪʫʧʠʣ ʚ 
ʄʕʀ, ʢʦʪʦʨʳʡ ʦʢʦʥʯʠʣ ʚ 1960 ʛʦʜʫ. ɺ 1970 ʛʦʜʫ ʦʥ ʧʦʣʫʯʠʣ ʫʯʝʥʫʶ ʩʪʝʧʝʥʴ ʢʘʥʜʠʜʘʪʘ 
ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʚ 1985 ʛʦʜʫ ï  ʩʪʝʧʝʥʴ ʜʦʢʪʦʨʘ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ. 
ɺ 1991 ʛʦʜʫ ʝʤʫ ʧʨʠʩʚʦʝʥʦ ʟʚʘʥʠʝ  ʧʨʦʬʝʩʩʦʨʘ.  
 

 





ʥʦʚʳʡ ʫʨʦʚʝʥʴ, ʩ ʙʣʝʩʢʦʤ ʟʘʱʠʱʘʣʠ ʜʠʧʣʦʤʳ ʠ ʜʠʩʩʝʨʪʘʮʠʠ. ɸ.ʀ. ʄʦʨʦʟʦʚʳʤ ʥʘʧʠʩʘʥ ʨʷʜ 
ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʫʯʝʙʥʳʭ ʧʦʩʦʙʠʡ ʠ ʫʯʝʙʥʠʢʦʚ. ʄʥʦʛʠʝ ʚʳʧʫʩʢʥʠʢʠ ʩ ʙʣʘʛʦʜʘʨʥʦʩʪʴʶ ʠ 
ʪʝʧʣʦʪʦʡ ʚʩʧʦʤʠʥʘʶʪ ʟʘʥʷʪʠʷ ʩ ɸʣʝʢʩʘʥʜʨʦʤ ʀʛʦʨʝʚʠʯʝʤ. 

ɸʣʝʢʩʘʥʜʨ ʀʛʦʨʝʚʠʯ ʙʳʣ ʦʯʝʥʴ ʠʩʢʨʝʥʥʠʤ ʠ ʥʘʜʝʞʥʳʤ ʪʦʚʘʨʠʱʝʤ, ʯʝʩʪʥʳʤ ʠ 
ʦʪʢʨʳʪʳʤ ʯʝʣʦʚʝʢʦʤ. ʇʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʣʝʪ ɸʣʝʢʩʘʥʜʨ ʀʛʦʨʝʚʠʯ ʧʝʨʝʰʝʣ ʥʘ ʨʘʙʦʪʫ ʚ 
ʩʚʦʶ alma mater – ʄʌʊʀ. ʅʦ ʠ ʪʘʤ, ʧʦ ʨʘʩʩʢʘʟʘʤ ʩʪʫʜʝʥʪʦʚ, ʯʘʩʪʦ ʚʩʧʦʤʠʥʘʣ ʛʦʜʳ ʨʘʙʦʪʳ ʚ 
ʄʀʈʕɸ.  

ʅʘʤ ʚʩʝʛʜʘ ʙʫʜʝʪ ʥʝ ʭʚʘʪʘʪʴ ʝʛʦ.  

ɺʳʨʘʞʘʝʤ ʛʣʫʙʦʢʠʝ ʠ ʠʩʢʨʝʥʥʠʝ ʩʦʙʦʣʝʟʥʦʚʘʥʠʷ ʝʛʦ ʩʝʤʴʝ ʠ ʙʣʠʟʢʠʤ.  

ɺʝʯʥʘʷ ʧʘʤʷʪʴ! 

 

ʈʝʢʪʦʨʘʪ ʈʊʋ ʄʀʈʕɸ 
ʌʠʟʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ 

ʂʘʬʝʜʨʘ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ 



ʅʝ ʙʦʡʪʝʩʴ ʜʝʣʘʪʴ ʪʦ, ʯʪʦ ʥʝ ʫʤʝʝʪʝ. 
ʇʦʤʥʠʪʝ, ʯʪʦ ʢʦʚʯʝʛ ʧʦʩʪʨʦʠʣ ʣʶʙʠʪʝʣʴ, 
ʘ ʧʨʦʬʝʩʩʠʦʥʘʣʳ ʧʦʩʪʨʦʠʣʠ «ʊʠʪʘʥʠʢ»  

                                                                   ɼʝʡʚ ɹʘʨʨʠ 

 

 
 

 

ʅʆɺʓɽ ʄɸɻʅʀʊʅʓɽ ʀ 
ʈʆɼʉʊɺɽʅʅʓɽ ʀʄ 

ʄɸʊɽʈʀɸʃʓ: ʉʀʅʊɽɿ ʀ 
ʌʀɿʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ 





 

ʇʦʩʣʝ ʵʪʦʛʦ ʢ ʧʨʝʩʩ-ʬʦʨʤʝ ʧʨʠʢʣʘʜʳʚʘʣʦʩʴ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʠ ʧʨʦʚʦʜʠʣʘʩʴ 
ʦʙʲʝʜʠʥʝʥʥʘʷ ʦʧʝʨʘʮʠʷ ʪʝʢʩʪʫʨʦʚʘʥʠʷ ʠ ʧʨʝʩʩʦʚʘʥʠʷ ʧʨʠ ʜʘʚʣʝʥʠʠ 10 ʄʇʘ. ʇʨʠ ʵʪʦʤ ʚ 
ʨʘʩʧʣʘʚʣʝʥʥʦʤ ʧʦʣʠʚʠʥʠʣʦʚʦʤ ʩʧʠʨʪʝ ʧʨʦʠʩʭʦʜʠʪ ʦʨʠʝʥʪʘʮʠʷ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ 
ʧʦʨʦʰʠʥʦʢ ʧʘʨʘʣʣʝʣʴʥʦ ʩʠʣʦʚʳʤ ʣʠʥʠʷʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʀʩʭʦʜʥʳʤ ʩʳʨʴʝʤ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʘʛʥʠʪʦʚ ʷʚʣʷʶʪʩʷ ʙʳʩʪʨʦʟʘʢʘʣʝʥʥʳʝ ʧʦʨʦʰʢʠ 
(MQU). ɼʦʩʪʦʠʥʩʪʚʦ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ 
ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʨʦʠʟʚʝʜʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʜʦ 55 ʄɻʩʕ) [1]. ɺ ʜʘʥʥʦʤ 
ʩʣʫʯʘʝ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʙʫʜʝʪ ʦʢʘʟʳʚʘʪʴ ʘʥʠʟʦʪʨʦʧʠʷ ʬʦʨʤʳ ʠ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʝ ʬʘʢʪʦʨʳ, 
ʧʦʵʪʦʤʫ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʬʝʨʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʟʤʝʨʦʤ 3 ï 
5 ʤʢʤ. ɼʣʷ ʵʪʦʛʦ ʢʦʤʤʝʨʯʝʩʢʠʡ ʧʦʨʦʰʦʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʟʤʝʣʴʯʘʣʩʷ ʚ ʰʘʨʦʚʦʡ 
ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ. 

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʧʨʦʚʦʜʠʪʩʷ ʫʜʘʣʝʥʠʝ ʩʚʷʟʫʶʱʝʛʦ ʧʫʪʝʤ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦ 
ʨʝʞʠʤʫ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʤʫ ʤʠʥʠʤʘʣʴʥʳʡ ʚʳʭʦʜ ʧʨʦʜʫʢʪʦʚ ʠʩʧʘʨʝʥʠʷ. ʅʘ ʜʘʥʥʦʡ ʩʪʘʜʠʠ 
ʧʦʣʠʤʝʨ ʜʦʣʞʝʥ ʜʦʩʪʠʛʥʫʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʜʝʩʪʨʫʢʮʠʠ. 

ʅʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʧʨʦʚʦʜʠʪʩʷ ʩʝʣʝʢʪʠʚʥʘʷ ʧʨʦʧʠʪʢʘ ʧʦʨʦʰʢʦʚʦʛʦ ʤʦʥʦʩʣʦʷ ʤʝʪʘʣʣʦʤ, 
ʧʦʣʫʯʝʥʥʳʤ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ.  

ʀʟʛʦʪʦʚʣʝʥʠʝ ʜʝʪʘʣʝʡ ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʦʩʣʦʡʥʳʤ ʥʘʥʝʩʝʥʠʝʤ ʧʣʝʥʦʢ 
ʠ ʠʭ ʩʝʣʝʢʪʠʚʥʦʡ ʧʨʦʧʠʪʢʦʡ ʧʨʦʧʠʪʢʠ. (ʨʠʩ. 1). 

 

ʈʠʩ. 1. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʇʨʦʚʝʜʷ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ (ʊɻ) ʘʥʘʣʠʟ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʫʶ ʩʢʘʥʠʨʫʶʱʫʶ 
ʢʘʣʦʨʠʤʝʪʨʠʶ (ɼʉʂ), ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʠʥʪʝʨʚʘʣ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʇɺʉ (190 ï 200 ʦʉ), 
ʜʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʩʭʦʜʷʪʩʷ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ [2]. ʇʨʠ ʵʪʦʤ ʧʦ ʜʦʩʪʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 
ʜʝʩʪʨʫʢʮʠʠ (> 200 oC) ʦʙʨʘʟʫʝʪʩʷ ʤʝʥʝʝ 15 % ʩʘʞʠ.  

ʋʩʪʘʥʦʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ (ʊʩ) ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ MQU ï ʊʉ = 260 ʦʉ (ʨʠʩ. 2, 
ʘ). ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʝʩʩʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ (MQU + ʇɺʉ) ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʤ ʤʘʛʥʠʪʦʤʝʪʨʝ, 
ʛʦʚʦʨʠʪ ʦ ʥʘʣʠʯʠʝ ʪʝʢʩʪʫʨʳ (ʨʠʩ. 2, ʙ). ʄʝʪʦʜʦʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ ʙʳʣʘ 
ʦʧʨʝʜʝʣʝʥʘ ʧʣʦʪʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ r1=17,2 ʛ/ʩʤ3 ʠ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʭʦʣʦʜʥʦʛʦ 
ʧʨʝʩʩʦʚʘʥʠʷ ʧʦʨʦʰʢʘ ʩ 44 ʦʙ. % ʇɺʉ r2=2,8 ʛ/ʩʤ3. ɺ ʧʨʦʮʝʩʩʝ ʠʥʬʠʣʴʪʨʘʮʠʠ ʠʟ ʛʘʟʦʚʦʡ 
ʬʘʟʳ ʧʦʨʳ ʦʙʨʘʟʮʘ ʙʫʜʫʪ ʟʘʧʦʣʥʝʥʳ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʩʚʷʟʫʶʱʠʤ. 

ʄʝʪʦʜʘʤʠ ʊɻ ʘʥʘʣʠʟʘ ʠ ɼʉʂ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʜʝʢʦʤʧʦʟʠʮʠʠ ʠ 
ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ. ʊʘʢ ʢʘʢ ʚʩʝ ʧʨʝʢʫʨʩʦʨʳ ʥʘ ʚʦʟʜʫʭʝ 
ʦʙʨʘʟʫʶʪ ʢʨʠʩʪʘʣʣʦʛʠʜʨʘʪʳ, ʪʦ ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʢʘʞʜʦʛʦ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʧʠʢʦʚ ʪʝʧʣʦʚʦʛʦ 
ʧʦʪʦʢʘ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 90 ï 150 ʦʉ. 

  

ǔǓǓǓ-2021 1-2 ǘǬǱǽǯȆ 1. ǔǵǩȂǬ ǳǧǪǴǯǹǴȂǬ ǳǧǹǬǷǯǧǲȂ...
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ʈʠʩ. 2. ʀʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʤ ʤʘʛʥʠʪʦʤʝʪʨʝ: ʘ – ʪʝʤʧʝʨʘʪʫʨʥʘʷ 
ʟʘʚʠʩʠʤʦʩʪʴ M(T) ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ; ʙ – ʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ M(H) ʧʦʨʦʰʢʘ ʧʦʩʣʝ 

ʧʨʝʩʩʦʚʘʥʠʷ, ʠʟʤʝʨʝʥʥʳʝ ʚʜʦʣʴ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʪʝʢʩʪʫʨʳ 

ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʥʠʪʨʘʪʘ ʜʠʩʧʨʦʟʠʷ ʠ ʘʮʝʪʠʣʘʮʝʪʦʥʘʪʘ ʧʨʦʭʦʜʠʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 
375 ʦʉ, ʘʮʝʪʠʣʘʮʝʪʦʥʘʪʘ ʞʝʣʝʟʘ ʧʨʠ 220 ʦʉ, ʬʪʦʨʠʜʘ ʞʝʣʝʟʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 550 ʦʉ. 
ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʨʷʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʦʩʘʞʜʝʥʠʶ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 
ʧʦʢʨʳʪʠʷ ʥʘ ʧʦʜʣʦʞʢʝ ʠʟ Si/SiO (ʪʘʙʣ. 1).  

ʊʘʙʣʠʮʘ 1. ʀʩʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ  

ˉ ʇʨʝʢʫʨʩʦʨ ʊʝʤʧʝʨʘʪʫʨʘ ʧʝʯʠ, ʦʉ ɺʨʝʤʷ ʚʳʜʝʨʞʢʠ, ʤʠʥ P, ʤʙʘʨ Ar H2 

1 Dy(NO3)3 600 60 10-1 + + 

2 Dy(CH3COO)3 250 60 10-1 ï ï 

3 Fe(C5H7O2)3 480 60 10-1 + + 

4 FeF3 800 60 10-1 + + 

ʕʢʩʧʝʨʠʤʝʥʪ ʧʦ ʦʩʘʞʜʝʥʠʶ ʧʦʢʨʳʪʠʷ ʠʟ ʜʠʩʧʨʦʟʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʢʫʨʩʦʨʘ ˉ1 
ʩʦʧʨʦʚʦʞʜʘʣʩʷ ʨʘʟʣʦʞʝʥʠʝʤ ʥʘ ʚʦʜʫ, ʧʘʨʳ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʳ ʠ ʦʢʩʠʜʘ ʜʠʩʧʨʦʟʠʷ. ʇʨʦʮʝʩʩ 
ʚʦʟʛʦʥʢʠ ʥʝ ʥʘʙʣʶʜʘʣʩʷ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʜʘʥʥʳʝ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ 
ʧʦʜʣʦʞʝʢ. ʊʘʢʞʝ ʢʘʢ ʠ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ, ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʢʫʨʩʦʨʘ ˉ2 
ʧʨʦʰʝʣ ʙʝʟ ʦʩʘʞʜʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʦʷ ʥʘ ʧʦʜʣʦʞʢʝ. ʀʩʭʦʜʥʳʡ ʧʦʨʦʰʦʢ 
ʘʮʝʪʠʣʘʮʝʪʦʥʘʪ ʜʠʩʧʨʦʟʠʷ ʨʘʟʣʦʞʠʣʩʷ ʜʦ ʦʢʩʠʜʘ ʩ ʥʝʢʦʪʦʨʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʫʛʣʝʨʦʜʘ.  

ɺ ʩʣʫʯʘʝ ʧʨʝʢʫʨʩʦʨʘ ˉ3 ʥʘ ʢʚʘʨʮʝʚʦʡ ʪʨʫʙʢʝ ʠ ʧʦʜʣʦʞʢʘʭ ʦʙʨʘʟʦʚʘʣʦʩʴ ʩʪʦʡʢʦʝ 
ʧʦʢʨʳʪʠʝ ʦʢʩʠʜʘ ʞʝʣʝʟʘ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʩʘʞʠ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʫʜʘʣʝʥʘ ʚ ʧʨʦʮʝʩʩʝ 
ʦʪʞʠʛʘ ʚ ʘʪʤʦʩʬʝʨʝ ʢʠʩʣʦʨʦʜʘ. ʆʩʘʞʜʝʥʠʝ ʧʣʝʥʢʠ ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʠ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩ  
ʧʨʝʢʫʨʩʦʨʘ ˉ4. ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ ʧʦʜʣʦʞʝʢ ʛʦʚʦʨʠʪ ʦ ʥʘʣʠʯʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 
ʯʘʩʪʠʮ ʞʝʣʝʟʘ. ɼʘʣʴʥʝʡʰʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʙʫʜʫʪ ʟʘʢʣʶʯʘʪʴʩʷ ʚ ʦʪʨʘʙʦʪʢʝ ʧʨʦʮʝʩʩʘ 
ʦʩʘʞʜʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʚʷʟʫʶʱʝʛʦ ʚ ʧʦʨʳ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ.  
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1. Coey J. M. D. Magnetism and Magnetic Materials. ï Cambridge, U.K.: Cambridge 

University Press, 2010, ï 624 p. 
2. ʋʰʘʢʦʚ, ʉ. H. ʇʦʣʠʚʠʥʠʣʦʚʳʡ ʩʧʠʨʪ ʠ ʝʛʦ ʧʨʦʠʟʚʦʜʥʳʝ. ï ʄ.: ʀʟʜʘʪʝʣʴʩʪʚʦ ɸʅ 

ʉʉʉʈ, 1960. ï 324 c. 
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ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ 

 

ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʦʧʠʩʘʥ ʜʚʫʭʩʪʘʜʠʡʥʳʡ ʩʠʥʪʝʟ ʧʦʨʦʰʢʦʚ ʥʘ ʦʩʥʦʚʝ Fe, ʧʦʢʨʳʪʳʭ 
ʪʦʥʢʦʡ ʦʙʦʣʦʯʢʦʡ SiO2. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ 
ʦʩʦʙʝʥʥʦʩʪʠ ʉɺʏ ʤʘʪʝʨʠʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʟʘʚʠʩʠʤʳʭ ʦʪ ʫʚʝʣʠʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ 
ʯʘʩʪʠʮ Fe ʠ ʥʘʣʠʯʠʷ ʪʦʥʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʦʙʦʣʦʯʢʠ. ʇʦʣʫʯʝʥʥʳʝ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ 
ʧʦʨʦʰʢʠ ʩ ʦʙʦʣʦʯʢʦʡ SiO2 ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʠʥʜʫʢʪʦʨʦʚ ʠ ʢʦʥʩʪʨʫʢʮʠʡ ʜʣʷ ʟʘʱʠʪʳ 
ʦʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʤʝʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʳʝ ʯʘʩʪʠʮʳ ʷʜʨʦ-ʦʙʦʣʦʯʢʘ, ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʩʧʨʝʡ-ʧʠʨʦʣʠʟ, ʧʨʦʮʝʩʩ 
ʐʪʦʙʝʨʘ, ʤʘʛʥʠʪʥʳʡ ʛʠʩʪʝʨʝʟʠʩ, ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 
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Annotation. The paper describes a two-stage synthesis of Fe-based powders coated with a thin 
SiO2 shell. The consideration is given to variations in magnetic and microwave features depending 
on the size of Fe particles and thickness of the thin shell. The prepared ferromagnetic powders with 
SiO2 shells can be applied for inductors and electromagnetic interference shielding designs. 
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʉɺʏ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 
ʧʦʨʦʰʢʦʚ ʩ ʯʘʩʪʠʮʘʤʠ ʨʘʟʣʠʯʥʦʛʦ ʬʦʨʤ-ʬʘʢʪʦʨʘ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ 
ʟʘʜʘʯʝʡ. 

ʉʦʯʝʪʘʥʠʝʤ ʤʝʪʦʜʦʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʩʧʨʝʡ-ʧʠʨʦʣʠʟʘ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʚ ʪʦʢʝ 
ʚʦʜʦʨʦʜʘ, ʠʟ ʨʘʩʪʚʦʨʦʚ ʩʦʣʠ Fe(NO3)3 ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 10 [1] ʠ 20 ʤʘʩʩ.%, ʙʳʣʦ ʧʦʣʫʯʝʥʦ 
ʧʦʨʦʰʢʦʚʦʝ ʞʝʣʝʟʦ (ʜʘʣʝʝ ʦʙʨʘʟʮʳ F1 ʠ F2, ʧʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʩʭʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ). ʆʙʨʘʟʮʳ 
ʩʦʩʪʦʷʪ ʠʟ ʩʬʝʨʠʯʝʩʢʠʭ ʧʦʣʳʭ ʯʘʩʪʠʮ ʩ ʪʦʣʱʠʥʦʡ ʩʪʝʥʢʠ ~ 100 ʥʤ ʠ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ 
0,7 (F1) ʠ 2 (F2) ʤʢʤ. ʇʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ, ʦʙʨʘʟʮʳ ʩʦʜʝʨʞʘʪ 
ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ Ŭ-Fe ʠ ʧʨʠʤʝʩʠ Fe2O3 (F1) ʠ Fe3O4 (F2). 

ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ʯʘʩʪʠʮʳ ʧʦʨʦʰʢʦʚ F1 ʠ F2 ʙʳʣʠ 
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ʧʦʢʨʳʪʳ ʟʘʱʠʪʥʦʡ ʦʙʦʣʦʯʢʦʡ SiO2 [1, 2]. ʇʦ ʜʘʥʥʳʤ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʪʦʣʱʠʥʘ 
ʦʙʦʣʦʯʢʠ ʦʮʝʥʠʚʘʝʪʩʷ ʚ 100 ʥʤ. ʇʨʠ ʵʪʦʤ, ʜʦʣʷ SiO2 ʚ ʪʘʢʦʤ ʧʦʨʦʰʢʝ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 
50 ʦʙ.%, ʟʘ ʩʯʸʪ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʯʘʩʪʠʮ ʜʠʵʣʝʢʪʨʠʢʘ. 

ʇʨʠ ʧʦʤʦʱʠ ʧʨʠʙʦʨʘ ʩʠʥʭʨʦʥʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ Netzsch STA 449 F3 ʙʳʣʦ 
ʚʳʧʦʣʥʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʪʦʯʢʠ ʂʶʨʠ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʚ ʠʥʝʨʪʥʦʡ 
ʩʨʝʜʝ ʧʨʠ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʦʚ ʚ ʢʦʨʫʥʜʦʚʦʤ ʪʠʛʣʝ ʜʦ 1000 ÁC ʩʦ ʩʢʦʨʦʩʪʴʶ 10 ÁC/ʤʠʥ. 
ʇʦʣʫʯʝʥʥʳʝ ʧʦʨʦʰʢʠ ʥʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʠ ʧʣʘʚʣʝʥʠʷ, ʥʠ ʩʧʝʢʘʥʠʷ ʜʦ 1000 ÁC. ʊʝʤʧʝʨʘʪʫʨʘ 
ʂʶʨʠ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʝʪ 767 ÁC, ʯʪʦ ʥʘ 3 ÁC ʥʠʞʝ ʪʘʙʣʠʯʥʦʛʦ ʟʥʘʯʝʥʠʷ ʜʣʷ ʞʝʣʝʟʘ. ʂʘʢ 
ʠʟʚʝʩʪʥʦ ʠʟ ʣʠʪʝʨʘʪʫʨʳ, ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ ʜʣʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ 
ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ. ʇʨʠ ʩʨʝʜʥʝʤ ʨʘʟʤʝʨʝ ʢʨʠʩʪʘʣʣʠʪʘ 20 ʥʤ ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ 
ʧʦʨʦʰʢʝ, ʦʪʣʠʯʠʝ ʠʟʤʝʨʝʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʫʢʣʘʜʳʚʘʝʪʩʷ ʚ ʦʞʠʜʘʝʤʫʶ ʚʝʣʠʯʠʥʫ. 

ʅʘʩʳʧʥʘʷ ʧʣʦʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʧʦʨʦʰʢʦʚ ʩʦʩʪʘʚʠʣʘ 6,1 (F1) ʠ 6,7 (F2) ʛ/ʩʤ3, ʯʪʦ ʥʘ 
22ï14 % ʤʝʥʴʰʝ, ʯʝʤ ʠʟʤʝʨʝʥʥʘʷ ʥʘʩʳʧʥʘʷ ʧʣʦʪʥʦʩʪʴ ʜʣʷ ʢʘʨʙʦʥʠʣʴʥʦʛʦ ʞʝʣʝʟʘ ʈ-20. 
ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʦʙʦʣʦʯʢʠ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʥʘʩʳʧʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦʨʦʰʢʘ ʜʦ 3,5 ʛ/ʩʤ3 ʟʘ 
ʩʯʸʪ ʩʫʱʝʩʪʚʝʥʥʦʡ ʜʦʣʠ SiO2. 

ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ F1 ʠ F2 ʩʦʩʪʘʚʣʷʝʪ 180 ʠ 
100 emu/g, ʘ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ï 157 ʠ 200 ʕ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘʥʝʩʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʧʦʢʨʳʪʠʷ SiO2 ʫʤʝʥʴʰʘʝʪ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʧʨʠʤʝʨʥʦ ʥʘ 15 %. ʇʦʨʦʰʦʢ 
ʧʦʜʚʝʨʛʘʝʪʩʷ ʭʦʣʦʜʥʦʤʫ ʧʨʝʩʩʦʚʘʥʠʶ, ʜʠʩʢʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠ ʧʦʤʦʱʠ ʚʠʙʨʘʮʠʦʥʥʦʛʦ 
ʤʘʛʥʠʪʦʤʝʪʨʘ ʙʳʣʠ ʧʨʝʩʩʦʚʘʥʳ ʙʝʟ ʩʚʷʟʫʶʱʝʛʦ. 

ʂʦʤʧʣʝʢʩʥʳʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʠ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʩʩʣʝʜʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ 
ʤʝʪʦʜʘ ʅʠʢʦʣʩʦʥʘ-ʈʦʩʩʘ-ʋʠʨʘ [1, 2] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʟʜʫʰʥʦʡ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ. ɼʣʷ 
ʠʟʤʝʨʝʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 0,1ï20 ɻɻʮ ʧʨʠʛʦʪʦʚʠʣʠ ʢʦʤʧʦʟʠʪʳ ʩ ʧʘʨʘʬʠʥʦʚʦʡ ʤʘʪʨʠʮʝʡ ʩ 
ʥʘʧʦʣʥʝʥʠʝʤ 66 ʤʘʩʩ.%. ʍʘʨʘʢʪʝʨ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 
ʦʙʨʘʟʮʘ F1 ʧʦʜʦʙʝʥ ʩʚʦʡʩʪʚʘʤ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʢʘʨʙʦʥʠʣʴʥʦʛʦ ʞʝʣʝʟʘ ʈ-20, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 
ʦʙʨʘʟʝʮ F2 ʠʤʝʝʪ ʝʜʠʥʩʪʚʝʥʥʳʡ ʜʦʙʨʦʪʥʳʡ ʤʘʢʩʠʤʫʤ ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ. 

ɼʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʩ ʧʦʣʳʤʠ ʯʘʩʪʠʮʘʤʠ ʜʨʫʛʦʛʦ ʨʘʟʤʝʨʘ 
ʠʣʠ ʩʦʩʪʘʚʘ ʤʦʞʝʪ ʜʘʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʤʘʪʝʨʠʘʣ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʚʢʣʘʜʦʚ ʨʘʟʣʠʯʥʳʭ 
ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʚ ʉɺʏ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ: 

1. Kosevich A. V. et al. Low Weight Hollow Microspheres of Iron with Thin Dielectric 
Coating: Synthesis and Microwave Permeability // Coatings. ï 2020. ï V. 10. ï No. 10. ï P. 995. 

2. Maklakov S. S. et al. Corrosion-resistive magnetic powder Fe@SiO2 for microwave 
applications // Journal of Alloys and Compounds. ï 2017. ï V. 706. ï P. 267-273. 
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ɸʥʥʦʪʘʮʠʷ. ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ ʩʝʤʝʡʩʪʚʘ Mn2ScZ (Z = Al, 
Si, P, Ga, Ge, As, In, Sn, Sb) ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʩ ʤʝʪʘ-GGA 
ʘʧʧʨʦʢʩʠʤʘʮʠʝʡ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʠ ʧʨʝʜʩʢʘʟʘʥʠʶ ʩʨʝʜʠ ʥʠʭ ʪʝʭ, ʚ 
ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʝʥ ʧʝʨʝʭʦʜ ʠʟ ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʝ. ɼʘʥʥʳʡ 
ʵʬʬʝʢʪ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʘʩʪʨʘʠʚʘʝʤʳʭ ʩʧʠʥʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ.  
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Annotation. The work is devoted to the study of Heusler alloys of the Mn2ScZ family (Z = Al, Si, P, 
Ga, Ge, As, In, Sn, Sb) in the framework of the density functional theory with a meta-GGA 
approximation for the exchange-correlation potential, and the prediction of those among them in 
which a transition from a semi-metallic state to a metallic one is possible. This effect can be used to 
develop tunable spintronic devices. 

Keywords: Density functional theory, meta-GGA, half-metals, Heusler alloys. 

ɺ ʩʚʷʟʠ ʩ ʨʦʩʪʦʤ ʪʨʝʙʦʚʘʥʠʡ ʢ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʘʰʠʥ ʠ 
ʧʨʠʙʣʠʞʝʥʠʶ ʢ ʬʠʟʠʯʝʩʢʠʤ ʧʨʝʜʝʣʘʤ ʪʨʘʜʠʮʠʦʥʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ, ʚʩʝ ʙʦʣʝʝ ʠ ʙʦʣʝʝ 
ʘʢʪʫʘʣʴʥʳʤʠ ʩʪʘʥʦʚʷʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʩʧʠʥʪʨʦʥʠʢʠ. ɼʣʷ ʭʨʘʥʝʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ 
ʠʥʬʦʨʤʘʮʠʠ ʚ ʩʧʠʥʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʦʙʩʪʚʝʥʥʳʡ ʤʦʤʝʥʪ ʵʣʝʢʪʨʦʥʘ - 
ʩʧʠʥ, ʠ ʩʚʷʟʘʥʥʳʡ ʩ ʥʠʤ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʧʠʥʘ ʜʣʷ ʢʦʜʠʨʦʚʘʥʠʷ 
ʠʥʬʦʨʤʘʮʠʠ ʜʦʩʪʠʛʘʝʪʩʷ ʙʦʣʴʰʘʷ ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʘʯʠ ʠ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ, ʧʦ 
ʩʨʘʚʥʝʥʠʶ ʩ ʪʘʢʦʚʦʡ ʜʣʷ ʵʣʝʢʪʨʦʥʠʢʠ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʚʦʟʤʦʞʥʦ ʩʦʟʜʘʥʠʝ ʥʦʚʳʭ ʪʠʧʦʚ 
ʟʘʧʦʤʠʥʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ 
ʩʦ ʩʣʫʯʘʡʥʳʤ ʜʦʩʪʫʧʦʤ (MRAM) [1] ʠ ʜʘʪʯʠʢʦʚ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ 
ʩʧʠʥʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʘ ʩ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʠʥʞʝʢʮʠʠ ʩʧʠʥʘ ʦʪ ʵʣʝʢʪʨʦʜʦʚ 
ʢ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤ, ʘ ʪʘʢʞʝ ʩʪʝʧʝʥʴʶ ʠʭ ʩʧʠʥʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ʉʧʠʥ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʝ 
ʵʣʝʢʪʨʦʥʳ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʚ ʥʝʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʧʦʩʨʝʜʩʪʚʦʤ ʩʣʝʜʫʶʱʠʭ 
ʤʝʪʦʜʦʚ [2]: ʠʥʞʝʢʮʠʷ ʩʧʠʥʘ ʠʟ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ, ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, 
ʧʨʠʣʦʞʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ, ʟʝʝʤʘʥʦʚʩʢʦʝ ʨʘʩʱʝʧʣʝʥʠʝ, ʩʧʠʥʦʚʘʷ ʜʚʠʞʫʱʘʷ ʩʠʣʘ, 
ʪʝʧʣʦʚʦʡ ʛʨʘʜʠʝʥʪ ʠ ʤʝʭʘʥʠʯʝʩʢʦʝ ʚʨʘʱʝʥʠʝ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʤʝʪʦʜʦʚ 
ʷʚʣʷʝʪʩʷ ʩʧʠʥʦʚʘʷ ʠʥʞʝʢʮʠʷ ʠʟ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʥʘʧʨʠʤʝʨ, ʦʙʳʯʥʳʭ  
ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʝʪʘʣʣʦʚ (Fe, Co, Ni ʠ Gd) ʠʣʠ ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ. ɺ 
ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʝʪʩʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʧʨʝʜʩʢʘʟʘʥʠʠ ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʜʣʷ 
ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢʠʭ ʢʘʢ ʤʘʛʥʠʪʥʳʝ ʦʢʩʠʜʳ [3], ʨʘʟʙʘʚʣʝʥʥʳʝ 
ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʥʘ ʦʩʥʦʚʝ ʤʘʛʥʠʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ III-V ʛʨʫʧʧʳ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʪʘʙʣʠʮʳ [4] 
ʠ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ [5]. ʀʟ ʚʩʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ ʷʚʣʷʶʪʩʷ 
ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʠʟ-ʟʘ ʠʭ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ (TC) ʠ ʚʘʨʴʠʨʫʝʤʦʡ 
ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ.  

ʆʜʥʠʤ ʠʟ ʩʝʤʝʡʩʪʚ ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ ʷʚʣʷʶʪʩʷ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ 
Mn. ʊʠʧʠʯʥʳʤʠ ʧʨʠʤʝʨʘʤʠ ʷʚʣʷʶʪʩʷ Mn2VAl, Mn2VSi, Mn2FeZ (Z = Al, Sb), Mn2CoZ (Z = Al, 
Ga, Si, Sb), Mn2CuSb, Mn2ZrSi, ʥʝʢʦʪʦʨʳʝ ʠʟ ʥʠʭ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ [6, 7]. ʊʘʢ 
ʚ ʨʘʙʦʪʝ [8] ʨʘʩʩʤʦʪʨʝʥʳ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ Mn2CoZ (Z = Al, Ga, Si, Ge, Sb) ʠ ʦʙʥʘʨʫʞʝʥʘ 
ʩʚʷʟʴ ʤʝʞʜʫ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʩʪʨʫʢʪʫʨ XA (ˉ 216) ʠ L21 (ˉ 225) ʠ ʵʣʝʤʝʥʪʦʤ Z ʦʩʥʦʚʥʦʡ 
ʛʨʫʧʧʳ. ɺ ʩʣʫʯʘʝ Z = Al, Ga, ʩʪʨʫʢʪʫʨʘ XA ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʘ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ Z = Si, Ge, Sb 
ʚʳʛʦʜʥʦʡ ʩʪʘʥʦʚʠʪʩʷ ʧʨʷʤʘʷ L21 ʩʪʨʫʢʪʫʨʘ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ 
ʩʧʣʘʚʦʚ Mn2CoSi, Mn2CoGe ʠ Mn2CoSb ʫʩʪʦʡʯʠʚ ʠ ʥʝʯʫʚʩʪʚʠʪʝʣʝʥ ʧʨʠ ʩʤʝʥʳ ʩʪʨʫʢʪʫʨʳ 
ʪʠʧʘ L21 ʥʘ XA. ʆʜʥʘʢʦ ʜʣʷ Mn2CoAl ʠ Mn2CoGa ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʠʩʯʝʟʘʝʪ ʧʨʠ 
ʧʝʨʝʭʦʜʝ ʠʟ ʩʪʨʫʢʪʫʨʳ XA ʚ L21. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʥʠʤʘʥʠʝ ʩʣʦʞʥʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠʟ-ʟʘ ʧʨʠʩʫʪʩʪʚʠʷ d-
ʵʣʝʢʪʨʦʥʦʚ ʠʤʝʝʪ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ. ʉʧʣʘʚʳ ɻʝʡʩʣʝʨʘ ʥʘ ʦʩʥʦʚʝ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 
ʚʢʣʶʯʘʶʪ ʩʠʣʴʥʦ ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʝ ʵʣʝʢʪʨʦʥʳ, ʢʦʪʦʨʳʝ ʥʝ ʫʯʠʪʳʚʘʶʪʩʷ ʚ ʨʘʤʢʘʭ 
ʪʨʘʜʠʮʠʦʥʥʦʡ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (DFT) ʠ ʧʨʠʙʣʠʞʝʥʠʷ ʦʙʦʙʱʝʥʥʦʛʦ ʛʨʘʜʠʝʥʪʘ 
(GGA). ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʥ ʬʫʥʢʮʠʦʥʘʣ ʥʦʚʦʛʦ 
ʧʦʢʦʣʝʥʠʷ SCAN [9], ʫʯʠʪʳʚʘʶʱʠʡ ʥʝ ʪʦʣʴʢʦ ʛʨʘʜʠʝʥʪ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʥʦ ʠ 
ʧʣʦʪʥʦʩʪʴ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʨʝʜʩʢʘʟʘʥʠʝ ʥʦʚʳʭ ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 
ʥʘ ʦʩʥʦʚʝ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ ʩʝʤʝʡʩʪʚʘ Mn2ScZ (Z = Al, Si, P, Ga, Ge, As, In, Sn, Sb) ʩ 
ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʩʧʠʥʪʨʦʥʠʢʠ. 
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ɻʝʦʤʝʪʨʠʯʝʩʢʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʨʝʰʝʪʢʠ ʧʨʦʚʝʜʝʥʘ ʚ ʨʘʤʢʘʭ ʊʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 
ʧʣʦʪʥʦʩʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʜʭʦʜʘ ʧʨʠʩʦʝʜʠʥʝʥʥʳʭ ʧʣʦʩʢʠʭ ʚʦʣʥ ʨʝʘʣʠʟʦʚʘʥʥʦʡ ʚ 
ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ VASP.  ʆʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʵʬʬʝʢʪʳ ʫʯʠʪʳʚʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ 
ʬʫʥʢʮʠʦʥʘʣʦʚ GGA-PBE ʠ meta-GGA SCAN [9]. k-ʩʝʪʢʘ ʛʝʥʝʨʠʨʦʚʘʣʘʩʴ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʦ 
ʩʭʝʤʝ ʄʦʥʭʦʨʩʪʘ-ʇʘʢʘ ʠ ʩʦʩʪʘʚʣʷʣʘ 11 Ĭ 11 Ĭ 11 k-ʪʦʯʝʢ ʜʣʷ ʨʝʣʘʢʩʘʮʠʠ, ʠ ʩʝʪʢʘ 25 Ĭ 25 Ĭ 25 
k-ʪʦʯʝʢ ʜʣʷ ʪʦʯʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩʦʩʪʦʷʥʠʡ (DOS) ʠ 
ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʕʥʝʨʛʠʷ ʦʙʨʝʟʢʠ ʧʣʦʩʢʠʭ ʚʦʣʥ ʩʦʩʪʘʚʣʷʣʘ 800 ʵɺ, ʘ ʧʘʨʘʤʝʪʨ ʩʭʦʜʠʤʦʩʪʠ 
ʧʦ ʵʥʝʨʛʠʠ ʨʘʚʥʷʣʩʷ 10-8 ʵɺ/ʘʪʦʤ 

 

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʥʠʮʳ ʵʥʝʨʛʠʠ ʦʪ ʧʘʨʘʤʝʪʨʘ  ʨʝʰʝʪʢʠ ʚ ʩʧʣʘʚʘʭ Mn2ScZ (Z = Al, Si, P, 
Ga, Ge, As, In, Sn, Sb) ʜʣʷ ʨʝʰʝʪʢʠ L12 ʠ XA ʠ ʨʘʟʣʠʯʥʳʭ ʪʠʧʘʭ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ. 

 

ʈʠʩ 1. ʇʦʢʘʟʳʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ, ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʥʘ ʤʠʥʠʤʘʣʴʥʫʶ ʵʥʝʨʛʠʶ 
ʜʣʷ ʜʘʥʥʦʡ ʢʦʤʧʦʟʠʮʠʠ ʦʪ ʧʘʨʘʤʝʪʨʘ ʨʝʰʝʪʢʠ ʜʣʷ ʨʝʰʝʪʦʢ L12 ʠ L12 ʠʤʝʶʱʠʭ 
ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ FM, ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ FIM ʠʣʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ (AFM). 
ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʩʧʣʘʚʦʚ, ʢʨʦʤʝ Z = Si, Sn, Sb,  ʚʳʛʦʜʥʦʡ ʷʚʣʷʝʪʩʷ ʨʝʰʝʪʢʘ XA. ʊʘʢʞʝ 
ʚʠʜʥʦ, ʯʪʦ ʨʘʚʥʦʚʝʩʥʳʡ ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʧʝʨʝʭʦʜʝ ʢ ʩʣʝʜʫʶʱʝʤʫ ʨʷʜʫ 
ʪʘʙʣʠʮʳ ʄʝʥʜʝʣʝʝʚʘ, ʠ ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʳʤ ʚ ʨʘʤʢʘʭ ʦʜʥʦʛʦ ʧʝʨʠʦʜʘ, ʩʢʦʨʝʝ 
ʚʩʝʛʦ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʘʪʦʤʥʦʛʦ ʨʘʜʠʫʩʘ Z ʵʣʝʤʝʥʪʘ.  

ʅʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʦʝ ʧʦʚʝʜʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ Mn2ScSi ʠ Mn2ScP ʚ FIM1 
ʩʦʩʪʦʷʥʠʠ. ɼʘʥʥʳʝ ʢʨʠʚʳʝ ʠʤʝʶʪ ʜʚʘ, ʧʦʯʪʠ ʚʳʨʦʞʜʝʥʥʳʭ, ʣʦʢʘʣʴʥʳʤ ʤʠʥʠʤʫʤʘ, ʦʜʠʥ ʠʟ 
ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʤʘʣʝʥʴʢʠʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ (LMS), ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʡ ʧʨʘʚʠʣʫ ʉʣʝʡʪʝʨʘ-
ʇʦʣʣʠʥʛʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʪʦʨʦʡ ʤʠʥʠʤʫʤ ʠʤʝʝʪ ʙʦʣʴʰʦʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ (HMS). 
ʅʘʧʨʠʤʝʨ ʜʣʷ Mn2ScSi ʧʦʣʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ LMS ɛtot= 3 ɛB/ʬ.ʝ., ʘ ʜʣʷ HMS ɛtot= 5.8 
ɛB/ʬ.ʝ.  
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ʈʠʩ. 2.ɿʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ  ʩʧʣʘʚʘ Mn2ScSi ʜʣʷ HMS (a) ʠ 

LMS (b). 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʥʘ ʈʠʩ. 2 ʧʨʠʚʝʜʝʥʳ ʩʧʠʥ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʝ 
ʟʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʠ ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʉʧʠʥ-ʚʥʠʟ ʟʦʥʳ ʜʣʷ LMS ʩʦʩʪʦʷʥʠʷ 
ʧʝʨʝʩʝʢʘʶʪ ʫʨʦʚʝʥʴ ʌʝʨʤʠ (EF), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʦ ʩʧʠʥ-ʚʚʝʨʭ ʟʦʥʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʯʝʪʢʫʶ 
ʟʘʧʨʝʱʝʥʥʫʶ ʟʦʥʫ ʦʢʦʣʦ EF. ʉʧʣʘʚ ʠʤʝʝʪ ʧʨʷʤʫʶ  ɻ-ɻ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʱʝʣʴ, ʚʝʣʠʯʠʥʘ 
ʢʦʪʦʨʦʡ, ʚ ʨʘʤʢʘʭ SCAN, ʩʦʩʪʘʚʣʷʝʪ 0.32 ʵɺ. ʇʨʠ ʧʝʨʝʭʦʜʝ ʚ HMS ʩʧʣʘʚ ʩʪʘʥʦʚʠʪʩʷ 
ʤʝʪʘʣʣʦʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʧʝʨʝʢʣʶʯʘʪʴ ʧʦʚʝʜʝʥʠʝ ʧʫʪʝʤ ʨʘʚʥʦʤʝʨʥʦʛʦ 
ʩʞʘʪʠʷ/ʨʘʩʰʠʨʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʠ ʏʝʣʷʙʠʥʩʢʦʡ ʦʙʣʘʩʪʠ ʚ 
ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ  ˉ20-42-740006. 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ: 
1. Zhang H., Kang W., Cao K., Wu B., Zhang Y., Zhao W. Spintronic processing unit in spin 

transfer torque magnetic random access memory / IEEE Transactions on Electron Devices. ï 
2019. ï ʊ. 66. ï ˉ. 4. ï ʉ. 2017-2022. 

2. Hirohata A., Takanashi K. Future perspectives for spintronic devices / Journal of Physics D: 
Applied Physics. ï 2014. ï ʊ. 47. ï ˉ. 19. ï ʉ. 193001. 

3. Lewis S. P., Allen P. B., Sasaki T. Band structure and transport properties of CrO 2 / 
Physical Review B. ï 1997. ï ʊ. 55. ï ˉ. 16. ï ʉ. 10253. 

4. Akai H. Ferromagnetism and its stability in the diluted magnetic semiconductor (In, Mn) As 
/ Physical Review Letters. ï 1998. ï ʊ. 81. ï ˉ. 14. ï ʉ. 3002. 

5. Felser C., Fecher G. H., Balke B. Spintronics: a challenge for materials science and solid
state chemistry / Angewandte Chemie International Edition. ï 2007. ï ʊ. 46. ï ˉ. 5. ï ʉ. 
668-699. 

6. Ouardi S. et al. Realization of spin gapless semiconductors: The Heusler compound Mn 2 
CoAl / Physical Review Letters. ï 2013. ï ʊ. 110. ï ˉ. 10. ï ʉ. 100401. 

7. Xin Y. et al. Competition of XA and L21 B ordering in Heusler alloys Mn2CoZ (Z= Al, Ga, 
Si, Ge and Sb) and its influence on electronic structure / Intermetallics. ï 2017. ï ʊ. 80. ï ʉ. 
10-15. 

8. Ren Z. et al. Site preference and electronic structure of Mn2RhZ (Z= Al, Ga, In, Si, Ge, Sn, 
Sb): a theoretical study / Mater. Sci.-Pol. ï ʊ. 34. ï 2016. 

9. Sun J., Ruzsinszky A., Perdew J. P. Strongly constrained and appropriately normed 
semilocal density functional /Physical Review Letters. ï 2015. ï ʊ. 115. ï ˉ. 3. ïʉ. 
036402. 

ǔǓǓǓ-2021 1-10 ǘǬǱǽǯȆ 1. ǔǵǩȂǬ ǳǧǪǴǯǹǴȂǬ ǳǧǹǬǷǯǧǲȂ...



ʋɼʂ 537.9 

 

ʄɸɻʅɽʊʀɿʄ SP-ʃɽɻʀʈʆɺɸʅʅʆɻʆ ʊʀʊɸʅɸʊɸ ɹɸʈʀʗ ʀ 
ɽɻʆ ʇʈʆʀʉʍʆɾɼɽʅʀɽ ʇʆ ʈɽɿʋʃʔʊɸʊɸʄ AB INITIO  

ʄʆɼɽʃʀʈʆɺɸʅʀʗ 

ɹʘʥʥʠʢʦʚ ɺ.ɺ. 

ʢ.ʭ.ʥ., ʩ.ʥ.ʩ. ʣʘʙʦʨʘʪʦʨʠʠ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ,  

ʀʥʩʪʠʪʫʪ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʋʨʆ ʈɸʅ 

 
ɸʥʥʦʪʘʮʠʷ. ʉ ʧʨʠʚʣʝʯʝʥʠʝʤ ʧʝʨʚʦʧʨʠʥʮʠʧʥʦʛʦ ʟʦʥʥʦʛʦ ʤʝʪʦʜʘ LAPW ʚʳʧʦʣʥʝʥʦ ʩʠʩʪʝʤʘ-
ʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ sp-ʣʝʛʠʨʦʚʘʥʥʦʛʦ (ʘʟʦʪʦʤ, ʬʪʦʨʦʤ) ʠ/ʠʣʠ 
ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ. ʈʘʩʩʤʦʪʨʝʥʳ ʨʘʟʣʠʯʥʳʝ ʤʦʜʝʣʠ ʜʝʬʝʢʪʦʚ, ʦʙ-
ʩʫʞʜʝʥʦ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʵʣʝʢʪʨʦʥʥʳʝ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʦʢʩʠʜʘ, ʘ ʪʘʢʞʝ, ʢʘʢʠʝ ʠʟ ʥʠʭ 
ʤʦʛʫʪ ʙʳʪʴ ʦʪʚʝʪʩʪʚʝʥʥʳʤʠ ʟʘ d0-ʬʝʨʨʦʤʘʛʥʝʪʠʟʤ ʚ ʩʠʩʪʝʤʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: d0-ʤʘʛʥʝʪʠʟʤ, ʟʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʣʝʛʠʨʦʚʘʥʠʝ, ab initio ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

 

MAGNETISM OF SP-SUBSTITUTED BARIUM TITANATE AND 
ITS ORIGIN ACCORDING TO AB INITIO MODELING 

Bannikov V.V. 
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Annotation. Employing the ab initio band method LAPW a systematic study of the electronic struc-
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ʉʦʛʣʘʩʥʦ ʢʦʥʮʝʧʮʠʠ d0-ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ [1], ʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʤʦ-
ʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʥʝ ʪʦʣʴʢʦ ʩʦʜʝʨʞʘʥʠʝʤ ʘʪʦʤʦʚ ʩ ʦʪʢʨʳʪʳʤʠ d- ʠ f-ʦʙʦʣʦʯʢʘʤʠ, ʥʦ ʚ 
ʨʷʜʝ ʩʣʫʯʘʝʚ ʝʱʝ ʠ ʚʥʝʜʨʝʥʠʝʤ ʚ ʠʟʥʘʯʘʣʴʥʦ ʜʠʘʤʘʛʥʠʪʥʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ ʪʘʢ 
ʥʘʟʳʚʘʝʤʳʭ sp-ʜʝʬʝʢʪʦʚ. ʂ ʧʦʩʣʝʜʥʠʤ ʦʪʥʦʩʷʪʩʷ, ʥʘʧʨʠʤʝʨ, ʩʪʨʫʢʪʫʨʥʳʝ ʚʘʢʘʥʩʠʠ, ʪʘʢ, ʚ 
ʦʢʩʠʜʘʭ CaO, HfO2, SnO2 ʠ ʨʷʜʝ ʜʨʫʛʠʭ ʧʨʠʩʫʪʩʪʚʠʝ ʢʘʪʠʦʥʥʳʭ ʠʣʠ ʘʥʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ ʧʨʠ-
ʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʘ ʙʣʠʞʘʡʰʠʭ ʢ ʜʝʬʝʢʪʫ ʘʪʦʤʘʭ ʣʦʢʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʠ ʚ 
ʨʷʜʝ ʩʣʫʯʘʝʚ - ʢ ʤʘʛʥʠʪʥʦʤʫ ʫʧʦʨʷʜʦʯʝʥʠʶ (ʪ.ʥ. ʚʘʢʘʥʩʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʡ ʤʘʛʥʝʪʠʟʤ). 
ɼʨʫʛʦʡ ʠʭ ʨʘʟʥʦʚʠʜʥʦʩʪʴʶ ʷʚʣʷʶʪʩʷ ʘʪʦʤʳ ʣʝʛʢʠʭ sp-ʵʣʝʤʝʥʪʦʚ (ʙʦʨ, ʫʛʣʝʨʦʜ, ʘʟʦʪ), ʚʥʝʜ-
ʨʷʝʤʳʝ ʚ ʢʠʩʣʦʨʦʜʥʫʶ ʧʦʜʨʝʰʝʪʢʫ ʰʠʨʦʢʦʟʦʥʥʳʭ ʜʠʘʤʘʛʥʠʪʥʳʭ ʦʢʩʠʜʦʚ, ʪʘʢʠʭ ʢʘʢ MgO, 
BeO, ZnO, La2O3 ʠ ʪ.ʜ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʘʛʥʝʪʠʟʤ ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʦʙʫʩʣʘʚʣʠʚʘʝʪʩʷ 
ʧʦʷʚʣʝʥʠʝʤ ʚ ʟʘʧʨʝʱʝʥʥʦʡ ʱʝʣʠ (ɿʑ) ʩʨʘʚʥʠʪʝʣʴʥʦ ʫʟʢʠʭ ʠ ʯʘʩʪʠʯʥʦ ʟʘʧʦʣʥʝʥʥʳʭ ʧʨʠʤʝʩ-
ʥʳʭ sp-ʟʦʥ, ʧʨʝʪʝʨʧʝʚʘʶʱʠʭ ʟʥʘʯʠʪʝʣʴʥʦʝ ʦʙʤʝʥʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ (ʚʩʣʝʜʩʪʚʠʝ ʚʳʩʦʢʦʡ 
ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ, D(EF), ʫʜʦʚʣʝʪʚʦʨʷʝʪʩʷ ʢʨʠʪʝʨʠʡ ʉʪʦ-
ʥʝʨʘ ʟʦʥʥʦʛʦ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ d0-ʬʝʨʨʦʤʘʛʥʝʪʠʟʤ ʥʘʙʣʶʜʘʣʩʷ, ʢ ʧʨʠ-
ʤʝʨʫ, ʚ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ ʘʥʘʪʘʟʘ TiO2-d,  ʚ ʣʝʛʠʨʦʚʘʥʥʳʭ ʘʟʦʪʦʤ ʧʣʝʥʢʘʭ SrO, ʚ 
ʥʘʥʦʢʨʠʩʪʘʣʣʘʭ BaTiO3-d, ʘ ʪʘʢʞʝ ʣʝʛʠʨʦʚʘʥʥʳʭ ʘʟʦʪʦʤ SrTiO3 ʠ BaTiO3 (BTO). ɺ ʥʝʜʘʚʥʝʡ 
ʧʫʙʣʠʢʘʮʠʠ [2] ʩʦʦʙʱʘʣʦʩʴ ʦʙ ʫʩʧʝʰʥʦʤ ʩʠʥʪʝʟʝ ʦʙʨʘʟʮʦʚ BTO, (ʩʦ)ʣʝʛʠʨʦʚʘʥʥʳʭ ʘʟʦʪʦʤ 
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ʠ/ʠʣʠ ʬʪʦʨʦʤ, ʘ ʪʘʢʞʝ ʦʙ ʦʙʥʘʨʫʞʝʥʠʠ ʫ ʥʠʭ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 
ʇʦʩʣʝʜʥʠʡ, ʧʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ, ʦʪʯʘʩʪʠ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʧʦʷʚʣʝʥʠʝʤ ʚ ʢʨʠʩʪʘʣʣʝ ʥʝʢʦʪʦ-
ʨʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʘʪʠʦʥʦʚ Ti3+ (3d1) ʚʩʣʝʜʩʪʚʠʝ ʥʝʩʪʝʭʠʦʤʝʪʨʠʠ ʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʛʦ ʟʘʤʝʱʝ-
ʥʠʷ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʚ ʚʦʧʨʦʩʝ ʦ ʧʨʦʠʩʭʦʞʜʝʥʠʠ d0-ʤʘʛʥʝʪʠʟʤʘ ʚ sp-ʣʝʛʠʨʦʚʘʥʥʦʤ BTO ʦʩʪʘ-
ʝʪʩʷ ʤʥʦʛʦ ʥʝʷʩʥʳʭ ʤʦʤʝʥʪʦʚ, ʢ ʧʨʠʤʝʨʫ, ʥʝʜʦʩʪʘʪʦʯʥʦ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʨʘʚʥʠʪʝʣʴʥʦʤ ʚʣʠʷ-
ʥʠʠ ʥʘ ʝʛʦ ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʚʦʟʤʦʞʥʳʭ ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 
ʥʝ ʚʧʦʣʥʝ ʷʩʥʦ, ʢʘʢʠʝ ʠʟ ʥʠʭ ʷʚʣʷʶʪʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤʠ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʟʦʥʥʦʡ 
ʩʪʨʫʢʪʫʨʳ (ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ab initio ʤʝʪʦʜʘ FP-LAPW), ʚʳʧʦʣʥʝʥʦ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʝ ʠʩʩʣʝ-
ʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ sp-ʣʝʛʠʨʦʚʘʥʥʦʛʦ BTO, ʩʦʜʝʨʞʘʱʝʛʦ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʜʝʬʝʢ-
ʪʦʚ (ʧʨʠʤʝʩʥʳʝ ʮʝʥʪʨʳ N, F, ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ), ʘ ʪʘʢʞʝ ʠʭ ʢʦʤʙʠʥʘʮʠʠ ï ʩ ʮʝʣʴʶ ʚʳ-
ʷʩʥʠʪʴ ʠʭ ʩʦʚʤʝʩʪʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʵʣʝʢʪʨʦʥʥʳʝ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʷ, ʚ ʯʘʩʪʥʦ-
ʩʪʠ, ʢʘʢʠʝ ʠʟ ʥʠʭ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʦʪʚʝʪʩʪʚʝʥʥʳʤʠ ʟʘ d0-ʤʘʛʥʝʪʠʟʤ ʚ BTO. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴ-
ʪʘʪʳ ʤʦʞʥʦ ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

N, F – ʣʝʛʠʨʦʚʘʥʥʳʡ BTO (ʙʝʟ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ): 

ɺʥʝʜʨʝʥʠʝ ʘʟʦʪʘ ʚ ʢʠʩʣʦʨʦʜʥʫʶ ʧʦʜʨʝʰʝʪʢʫ BTO (ʤʦʜʝʣʠʨʦʚʘʣʘʩʴ ʩʠʩʪʝʤʘ Ba-
TiO2.875N0.125) ʧʨʠʚʦʜʠʪ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʢ ʯʘʩʪʠʯʥʦʤʫ ʦʧʫʩʪʦʰʝʥʠʶ ʚʘʣʝʥʪʥʦʡ ʧʦʣʦʩʳ (O: 
2s22p4, N: 2s22p3), ʘ ʩ ʜʨʫʛʦʡ - ʢ ʧʦʷʚʣʝʥʠʶ ʚ ɿʑ BTO ʩʨʘʚʥʠʪʝʣʴʥʦ ʫʟʢʦʡ ʧʨʠʤʝʩʥʦʡ ʟʦʥʳ, 
ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ N-2p ʩʦʩʪʦʷʥʠʷʤʠ (ʈʠʩ.1), ʢʦʪʦʨʘʷ ʦʢʘʟʳʚʘʝʪʩʷ ʟʘʧʦʣ-
ʥʝʥʥʦʡ ʣʠʰʴ ʯʘʩʪʠʯʥʦ ʠ ʧʨʝʪʝʨʧʝʚʘʝʪ ʩʧʦʥʪʘʥʥʫʶ ʩʧʠʥʦʚʫʶ ʧʦʣʷʨʠʟʘʮʠʶ. ʇʨʠ ʵʪʦʤ ʧʦʜʟʦ-
ʥʘ çʩʧʠʥ ʚʚʝʨʭè ʦʢʘʟʳʚʘʝʪʩʷ ʣʝʞʘʱʝʡ ʥʠʞʝ EF (ʩʣʠʚʘʷʩʴ ʩ ʚʘʣʝʥʪʥʦʡ ʧʦʣʦʩʦʡ ʠʩʭʦʜʥʦʡ ʤʘʪ-
ʨʠʮʳ BTO), ʘ ʧʦʜʟʦʥʘ çʩʧʠʥ ʚʥʠʟè ʧʝʨʝʩʝʢʘʝʪ EF ʚʙʣʠʟʠ ʧʠʢʘ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ (DOS), 
ʪʘʢʠʤ ʦʙʨʘʟʦʤ D¬(EF)=0, D®(EF)¸0, ʠ ʩʧʠʥʦʚʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ 
SP=|D¬(EF)ïD®(EF)|/(D¬(EF)+D®(EF)) ʩʦʩʪʘʚʣʷʝʪ 100 %, ʪ.ʝ. N-ʣʝʛʠʨʦʚʘʥʥʳʡ BTO ʧʨʝʜʩʪʘʚʣʷ-
ʝʪ ʩʦʙʦʡ ʪ.ʥ. ʤʘʛʥʠʪʥʳʡ ʧʦʣʫʤʝʪʘʣʣ [3]. ʇʦʣʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ (ʄʄ) ʚ ʨʘʩʯʝʪʝ ʥʘ 
ʷʯʝʡʢʫ, ʩʦʜʝʨʞʘʱʫʶ ʦʜʠʥ ʧʨʠʤʝʩʥʳʡ ʘʪʦʤ ʘʟʦʪʘ, ʠʤʝʝʪ ʮʝʣʦʯʠʩʣʝʥʥʦʝ ʟʥʘʯʝʥʠʝ 1.00 mB, 
ʧʨʠ ʵʪʦʤ ʄʄ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʥʘ ʘʪʦʤʘʭ ʘʟʦʪʘ, ʩʦʩʪʘʚʣʷʶʪ ~0.49 mB, ʥʝʙʦʣʴʰʠʝ ʄʄ ʠʥʜʫ-
ʮʠʨʫʶʪʩʷ ʪʘʢʞʝ ʥʘ ʘʪʦʤʘʭ ʪʠʪʘʥʘ ʠ ʢʠʩʣʦʨʦʜʘ, ʜʘʚʘʷ ʜʣʷ ʷʯʝʡʢʠ ʚ ʮʝʣʦʤ ʚʢʣʘʜʳ ~0.07 mB ʠ 
~0.37 mB, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʥʘʛʣʷʜʥʦʩʪʠ ʥʘ ʈʠʩ.1 ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ (r¬ –r®) ʚ (100) ʧʣʦʩʢʦʩʪʠ BTO. ɺ ʨʝʟʫʣʴʪʘʪʝ ʣʝʛʠʨʦʚʘʥʠʷ BTO ʬʪʦʨʦʤ 
(ʩʠʩʪʝʤʘ BaTiO2.875F0.125) ʠʤʝʝʪ ʤʝʩʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʫʟʢʠʭ F-2p ʟʦʥ, ʣʝʞʘʱʠʭ ʥʠʞʝ ʚʘʣʝʥʪʥʦʡ 
ʧʦʣʦʩʳ BTO ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʟʘʧʦʣʥʝʥʥʳʭ, ʧʨʠʚʥʦʩʠʤʳʡ ʧʨʠʤʝʩʴʶ ʠʟʙʳʪʦʢ ʵʣʝʢʪʨʦʥʥʦʡ 
ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʚʦʜʠʪ ʧʨʦʩʪʦ ʢ ʯʘʩʪʠʯʥʦʤʫ ʟʘʧʦʣʥʝʥʠʶ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʥʝ ʩʦʧʨʦʚʦʞ-
ʜʘʶʱʝʤʫʩʷ ʝʝ ʩʧʠʥʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ (ʪ.ʢ. ʚʝʣʠʯʠʥʘ D(EF) ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʚʝʣʠʢʘ). ʊ.ʝ. 
ʬʪʦʨ ʠʛʨʘʝʪ ʨʦʣʴ ʦʙʳʯʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʜʦʧʘʥʪʘ, ʠ ʣʝʛʠʨʦʚʘʥʠʝ ʠʤ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʣʦʢʘʣʴ-
ʥʦʤʫ ʤʘʛʥʝʪʠʟʤʫ ʚ BTO. ɹʦʣʝʝ ʠʥʪʝʨʝʩʥʦʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʠʪʫʘʮʠʷ ʩʦʣʝʛʠʨʦʚʘʥʠʷ BTO ʘʟʦ-
ʪʦʤ ʠ ʬʪʦʨʦʤ (ʩʠʩʪʝʤʘ BaTiO2.750N0.125F0.125), ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʪʘʢʞʝ ʠʤʝʝʪ ʤʝʩʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ 
ʧʨʠʤʝʩʥʦʡ N-2p ʟʦʥʳ ʚ ɿʑ BTO, ʦʜʥʘʢʦ ʚʩʣʝʜʩʪʚʠʝ ʧʨʠʚʥʦʩʠʤʦʛʦ ʬʪʦʨʦʤ ʠʟʙʳʪʢʘ ʵʣʝʢ-
ʪʨʦʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦʩʣʝʜʥʷʷ ʦʢʘʟʳʚʘʝʪʩʷ ʟʘʧʦʣʥʝʥʥʦʡ ʠ ʥʝ ʧʨʝʪʝʨʧʝʚʘʝʪ ʩʧʠʥʦʚʦʛʦ 
ʨʘʩʱʝʧʣʝʥʠʷ. ʄʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʚʘʨʴʠʨʦʚʘʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ N/F ʧʦʟʚʦʣʠʪ 
ʨʝʛʫʣʠʨʦʚʘʪʴ ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ  N-2p ʟʦʥʳ ʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʝʛʦ ʚʝʣʠʯʠʥʝ ʜʦʙʠʪʴʩʷ 
ʟʥʘʯʝʥʠʷ D(EF), ʜʦʩʪʘʪʦʯʥʦʛʦ ʜʣʷ ʫʜʦʚʣʝʪʚʦʨʝʥʠʷ ʢʨʠʪʝʨʠʷ ʉʪʦʥʝʨʘ, ʥʦ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʠʟ 
ʈʠʩ.1 ʷʩʥʦ, ʯʪʦ ʧʦʩʣʝʜʥʝʝ ʥʝ ʧʨʝʚʳʰʘʝʪ D(EF) ʜʣʷ BTO, ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʦʜʥʠʤ ʘʟʦʪʦʤ. ʊʘʢʠʤ 
ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʧʨʠʩʫʪʩʪʚʠʝ ʬʪʦʨʘ ʚ ʢʠʩʣʦʨʦʜʥʦʡ ʨʝʰʝʪʢʝ BTO ʷʚʣʷʝʪʩʷ 
ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʤ ʬʘʢʪʦʨʦʤ ʜʣʷ d0-ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ ʚ ʩʠʩʪʝʤʝ. 
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ʈʠʩ.1. ʇʦʣʥʳʝ ʠ ʧʘʨʮʠʘʣʴʥʳʝ DOS (ʩʣʝʚʘ) ʠ ʢʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ ʚ (100) ʧʣʦʩ-
ʢʦʩʪʠ (ʩʧʨʘʚʘ) ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʘʟʦʪʦʤ BTO. 

ʅʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ BTO (ʙʝʟ sp-ʧʨʠʤʝʩʝʡ): 

ɺ ʣʝʛʠʨʦʚʘʥʥʳʭ ʧʝʨʦʚʩʢʠʪʘʭ ʢʠʩʣʦʨʦʜʥʘʷ ʥʝʩʪʝʭʠʦʤʝʪʨʠʷ ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ ʢʘʢ ʤʝ-
ʭʘʥʠʟʤ ʟʘʨʷʜʦʚʦʡ ʢʦʤʧʝʥʩʘʮʠʠ ʠ ʢʘʢ ʬʘʢʪʦʨ, ʙʣʘʛʦʧʨʠʷʪʩʪʚʫʶʱʠʡ ʬʘʟʦʚʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ. 
ʇʨʠʩʫʪʩʪʚʠʝ ʚʘʢʘʥʩʠʡ ʚ ʢʠʩʣʦʨʦʜʥʦʡ ʧʦʜʨʝʰʝʪʢʝ BTO (ʩʠʩʪʝʤʘ BaTiO2.875) ʧʨʠʚʦʜʠʪ ʢ ʧʦ-
ʷʚʣʝʥʠʶ ʚ ɿʑ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʟʦʥʳ (ʈʠʩ.2, ʦʙʦʟʥʘʯʝʥʘ ʢʘʢ PW), ʦʙʨʘʟʦʚʘʥʥʦʡ ʩʦʩʪʦʷʥʠʷʤʠ, 
ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʤʠ ʢʘʢ ʚʘʢʘʥʩʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ (ɺʀ, ʤʝʭʘʥʠʟʤ ʧʨʦʠʩʭʦʞʜʝʥʠʷ ʧʦʩʣʝʜ-
ʥʠʭ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʝʥ, ʦʜʥʘʢʦ ʥʘʭʦʜʠʪ ʢʘʯʝʩʪʚʝʥʥʦʝ ʦʙʲʷʩʥʝʥʠʝ ʚ ʤʦʜʝʣʠ, ʛʜʝ ʩʚʷʟʘʥʥʦʝ ʩ 
ʚʘʢʘʥʩʠʝʡ ʚʦʟʤʫʱʝʥʠʝ ʧʦʣʘʛʘʝʪʩʷ ʣʦʢʘʣʠʟʦʚʘʥʥʳʤ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʣʠʰʴ ʥʘ ʤʘʣʫʶ 
ʯʘʩʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, çʚʳʪʘʣʢʠʚʘʷè ʠʭ ʚ ɿʑ). ʕʪʘ ʟʦʥʘ ʦʢʘʟʳʚʘʝʪʩʷ ʯʘʩʪʠʯʥʦ ʟʘʧʦʣ-
ʥʝʥʥʦʡ ʠ ʧʨʝʪʝʨʧʝʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʦʙʤʝʥʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʩʥʦʚʥʦʝ ʩʦ-
ʩʪʦʷʥʠʝ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ BTO ʦʢʘʟʳʚʘʝʪʩʷ ʤʘʛʥʠʪʥʳʤ. ʆʜʥʘʢʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʧʠʥʦ-
ʚʦʡ ʧʣʦʪʥʦʩʪʠ ʧʨʠ ʵʪʦʤ ʦʢʘʟʳʚʘʝʪʩʷ ʢʘʯʝʩʪʚʝʥʥʦ ʠʥʳʤ: ʠʤʝʝʪ ʤʝʩʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʪʘʢ ʥʘʟʳ-
ʚʘʝʤʳʭ çʩʧʠʥʦʚʳʭ ʢʘʧʝʣʴè ʚʦʢʨʫʛ ʧʦʟʠʮʠʡ ʚʘʢʘʥʩʠʡ (ʈʠʩ.2), ʪ.ʝ. ʩʧʠʥʦʚʘʷ ʧʣʦʪʥʦʩʪʴ çʥʘʢʘʧ-
ʣʠʚʘʝʪʩʷè ʚʥʫʪʨʠ ʧʫʩʪʦʪ ʚ ʧʦʟʠʮʠʷʭ ʢʠʩʣʦʨʦʜʘ, ʘ ʪʘʢʞʝ ʥʘ ʙʣʠʞʘʡʰʠʭ ʢ ʥʠʤ ʘʪʦʤʘʭ ʪʠʪʘʥʘ, 
ʬʦʨʤʠʨʫʷ ʩʚʦʝʦʙʨʘʟʥʳʝ çʢʘʧʣʠè, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ ʚʜʦʣʴ ʦʩʝʡ C4. ʉʫʤʤʘʨʥʳʡ ʄʄ ʚ ʨʘʩʯʝʪʝ 
ʥʘ ʷʯʝʡʢʫ, ʩʦʜʝʨʞʘʱʫʶ ʦʜʥʫ ʚʘʢʘʥʩʠʶ, ʩʦʩʪʘʚʣʷʝʪ ~1.09 mB, ʙʦʣʝʝ 50 % ʝʛʦ ʩʢʦʥʮʝʥʪʨʠʨʦ-
ʚʘʥʦ ʚʦʢʨʫʛ ʧʦʟʠʮʠʠ ʚʘʢʘʥʩʠʠ, ʥʘ ʙʣʠʞʘʡʰʠʭ ʢ ʥʝʡ ʘʪʦʤʘʭ ʪʠʪʘʥʘ ʠʥʜʫʮʠʨʫʶʪʩʷ ʄʄ ~0.15 
mB, ʄʄ ʦʩʪʘʣʴʥʳʭ ʘʪʦʤʦʚ ʠʤʝʶʪ ʚʝʣʠʯʠʥʫ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʫʶ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʩʧʠʥʦʚʘʷ ʧʦ-
ʣʷʨʠʟʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʢʘʟʳʚʘʝʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʦ ʩʣʘʙʦʡ (SP~11 %). ʊʘʢʠʤ ʦʙ-
ʨʘʟʦʤ, ʢʠʩʣʦʨʦʜʥʘʷ ʥʝʩʪʝʭʠʦʤʝʪʨʠʷ ʙʣʘʛʦʧʨʠʷʪʩʪʚʫʝʪ d0-ʤʘʛʥʝʪʠʟʤʫ ʚ BTO, ʦʜʥʘʢʦ ʩʣʫʯʘʡ-
ʥʳʝ ʧʦʣʷ (ʚʩʣʝʜʩʪʚʠʝ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʜʝʬʝʢʪʦʚ) ʤʦʛʫʪ ʚʠʜʦʠʟʤʝʥʷʪʴ ʩʪʨʫʢʪʫʨʫ ɺʀ 
ʫʨʦʚʥʝʡ ʠ ʧʨʠʚʦʜʠʪʴ ʢ ʥʝʤʘʛʥʠʪʥʦʤʫ ʦʩʥʦʚʥʦʤʫ ʩʦʩʪʦʷʥʠʶ. 

N, F – ʣʝʛʠʨʦʚʘʥʥʳʡ ʠ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ BTO: 

ʃʝʛʠʨʦʚʘʥʠʝ ʬʪʦʨʦʤ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ BTO (ʩʠʩʪʝʤʘ BaTiO2.75F0.125) ʥʝ ʧʨʠʚʦʜʠʪ 
ʢ ʧʨʠʥʮʠʧʠʘʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʥʘ ʈʠʩ.2 ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʩʠʩʪʝʤʳ, ʠ ʚ 
ʵʪʦʤ ʩʣʫʯʘʝ ʬʪʦʨ ʪʘʢʞʝ ʠʛʨʘʝʪ ʨʦʣʴ ʦʙʳʯʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʜʦʧʘʥʪʘ, ʨʝʛʫʣʠʨʫʶʱʝʛʦ ʩʪʝ-
ʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ɺʀ ʟʦʥʳ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʤʝʝʪ ʤʝʩʪʦ ʣʠʰʴ ʚʘʨʠʘʮʠʷ ʧʦʣʥʦʛʦ ʄʄ ʩʠʩʪʝʤʳ ʚ 
ʜʠʘʧʘʟʦʥʝ ~0.8 ï 1.3 mB (ʚ ʨʘʩʯʝʪʝ ʥʘ ʷʯʝʡʢʫ, ʩʦʜʝʨʞʘʱʫʶ ʦʜʠʥ ʘʪʦʤ F) - ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 
ʧʦʟʠʮʠʠ ʘʪʦʤʘ F ʚ ʷʯʝʡʢʝ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʚʘʢʘʥʩʠʠ. ɻʦʨʘʟʜʦ ʙʦʣʝʝ ʠʥʪʝʨʝʩʥʘʷ ʩʠʪʫʘʮʠʷ 
ʠʤʝʝʪ ʤʝʩʪʦ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʘʟʦʪʦʤ (ʩʠʩʪʝʤʘ BaTiO2.75N0.125): ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʟʠʮʠʠ 
ʘʪʦʤʘ ʜʦʧʘʥʪʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʢʠʩʣʦʨʦʜʥʦʡ ʚʘʢʘʥʩʠʠ (ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ çʙʣʠʞʥʷʷ ʤʦʜʝʣʴè - 
ʘʪʦʤ N ʠ ʚʘʢʘʥʩʠʷ ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʩʝʜʥʠʭ ʧʦʟʠʮʠʷʭ ʢʠʩʣʦʨʦʜʘ, ʨʘʟʜʝʣʝʥʥʳʭ ʘʪʦʤʦʤ Ti, ʠ 
çʜʘʣʴʥʷʷè - ʥʘ ʙʦʣʴʰʝʤ ʨʘʩʩʪʦʷʥʠʠ) ʚ ʩʠʩʪʝʤʝ ʤʦʞʝʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴʩʷ ʩʦʩʪʦʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʣʠʙʦ ʤʘʛʥʠʪʥʦʛʦ ʤʝʪʘʣʣʘ (ʈʠʩ.3). ɼʣʷ çʙʣʠʞʥʝʡ ʤʦʜʝʣʠè ʚ ɿʑ BTO ʦʙʨʘ-
ʟʫʶʪʩʷ ʢʘʢ ʧʨʠʤʝʩʥʘʷ N-2p ʟʦʥʘ (ʟʘʧʦʣʥʝʥʘ), ʪʘʢ ʠ ɺʀ ʟʦʥʘ, ʟʘʧʦʣʥʝʥʥʘʷ ʣʠʰʴ ʯʘʩʪʠʯʥʦ ʠ 
ʧʨʝʪʝʨʧʝʚʘʶʱʘʷ ʩʧʠʥʦʚʫʶ ʧʦʣʷʨʠʟʘʮʠʶ, ʘʟʦʪ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʨʦʩʪʦ ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ ʜʳ-
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ʨʦʯʥʦʛʦ ʜʦʧʘʥʪʘ, ʨʝʛʫʣʠʨʫʷ ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ʧʦʩʣʝʜʥʝʡ; ʩʠʩʪʝʤʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʦʣʥʳʤ 
ʄʄ ~ 1.00 mB. ɺ ʩʣʫʯʘʝ çʜʘʣʴʥʝʡ ʤʦʜʝʣʠè ʠʤʝʝʪ ʤʝʩʪʦ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʘʷ ʩʫʧʝʨʧʦʟʠʮʠʷ ɺʀ 
ʩʦʩʪʦʷʥʠʡ ʩ ʧʨʠʤʝʩʥʳʤʠ N-2p ʩʦʩʪʦʷʥʠʷʤʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ ʬʦʨʤʠʨʫʝʪʩʷ ʵʣʝʢʪʨʦʥʥʳʡ 
ʩʧʝʢʪʨ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ (ʩ ʨʘʟʣʠʯʥʦʡ ʰʠʨʠʥʦʡ ɿʑ ʜʣʷ ʧʦʜʟʦʥ 
çʩʧʠʥ ʚʚʝʨʭ/ʚʥʠʟè), ʠ ʧʦʣʥʳʡ ʄʄ ʩʠʩʪʝʤʳ ʩʦʩʪʘʚʣʷʝʪ ~ 0.92 mB. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ 
ʦʙʝʠʭ ʤʦʜʝʣʷʭ ʄʄ ʥʘ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʘʭ ʘʟʦʪʘ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳ, ʘ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʩʧʠʥʦ-
ʚʦʡ ʧʣʦʪʥʦʩʪʠ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʘ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʧʦʟʠʮʠʠ ʚʘʢʘʥʩʠʠ ʠ ʥʘ ʙʣʠʞʘʡʰʠʭ ʢ ʥʝʡ 
ʘʪʦʤʘʭ ʪʠʪʘʥʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, sp-ʣʝʛʠʨʦʚʘʥʠʝ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ BTO ʤʦʞʝʪ ʨʝʛʫʣʠʨʦ-
ʚʘʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ d0-ʤʘʛʥʝʪʠʟʤʘ (ʄʄ, SP) ʚ ʩʠʩʪʝʤʝ ʠ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ 
ʧʨʠʚʦʜʠʪʴ ʢ ʢʘʯʝʩʪʚʝʥʥʦʡ ʧʝʨʝʩʪʨʦʡʢʝ ʝʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ. 

 

 

 

 

ʈʠʩ.2. ʇʦʣʥʳʝ ʠ ʧʘʨʮʠʘʣʴʥʳʝ DOS (ʩʣʝʚʘ) ʠ ʢʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ ʚ (200)  
ʧʣʦʩʢʦʩʪʠ (ʩʧʨʘʚʘ) ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ BTO. ʉʪʨʝʣʢʦʡ ʧʦʢʘʟʘʥʘ ʧʦʟʠʮʠʷ  ʚʘʢʘʥʩʠʠ. 

 

 

 

 
ʈʠʩ.3. ʇʦʣʥʳʝ ʠ ʧʘʨʮʠʘʣʴʥʳʝ DOS ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʘʟʦʪʦʤ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ BTO ʜʣʷ «ʜʘʣʴʥʝʡ» 
(ʩʣʝʚʘ) ʠ «ʙʣʠʞʥʝʡ» (ʩʧʨʘʚʘ) ʤʦʜʝʣʝʡ ʚʘʢʘʥʩʠʠ. 

ʈʘʥʝʝ ʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ sp-ʣʝʛʠʨʦʚʘʥʥʦʛʦ BTO ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 
ʧʨʠʩʫʪʩʪʚʠʝʤ ʥʝʢʦʪʦʨʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʘʪʠʦʥʦʚ Ti3+(3d1), ʦʜʥʘʢʦ ʥʠ ʨʘʩʯʝʪʳ ʵʬʬʝʢʪʠʚʥʳʭ 
ʘʪʦʤʥʳʭ ʟʘʨʷʜʦʚ (ʚ ʩʭʝʤʝ ɹʝʡʜʝʨʘ), ʥʠ ʦʮʝʥʢʠ ʚʝʣʠʯʠʥ ʄʄ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʘ ʘʪʦʤʘʭ ʪʠ-
ʪʘʥʘ ʚ ʨʘʟʣʠʯʥʳʭ ʧʦʟʠʮʠʷʭ, ʥʝ ʧʦʜʪʚʝʨʜʠʣʠ ʵʪʦ ʜʦʧʫʱʝʥʠʝ ʚ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʦʜʝʣʷʭ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʤ ʟʘʜʘʥʠʝʤ ʀʥʩʪʠʪʫʪʘ ʭʠʤʠʠ 
ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʋʨʆ ʈɸʅ (ʪʝʤʘ ˉ AAAA-A19-119031890025-9). 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ: 

1. Coey J.M.D. d0-ferromagnetism /  Sol. St. Sci.  ï Vol. 7. 2005. ï P. 660. 
2. Yoon S., Son K., Ebbinghaus S.G., Widenmeyer M., Weidenkaff A. / Ferromagnetism in nitro-

gen and fluorine substituted BaTiO3. / J. All. Comp. ïVol. 749. 2018. ï P. 628. 
3. De Groot R.A., Mueller F.M., van Engen P.G., Buschow K.H.J. New class of materials: Half-

metallic ferromagnets / Phys. Rev. Lett., ï Vol. 50. 1938. ï P. 2024. 
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ʄɸɻʅʀʊʅɸʗ ɸʅʀɿʆʊʈʆʇʀʗ ʅɽʉʊɽʍʀʆʄɽʊʈʀʏɽʉʂʀʍ 
ʌɸɿ ʃɸɺɽʉɸ TbFe2Mnx 

ɹʘʨʪʘʰʝʚʠʯ ɸ.ʄ. 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʥʝʩʪʝ-
ʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʬʘʟʘʭ ʃʘʚʝʩʘ TbFe2Mnx. ɹʳʣʠ ʧʦʩʯʠʪʘʥʳ ʢʦʥʩʪʘʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ ʠʟ ʟʘʢʦ-
ʥʘ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʤʘʛʥʠʪʥʦʤʫ ʥʘʩʳʱʝʥʠʶ ʠ ʧʦ ʨʘʙʦʪʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩ 
ʨʦʩʪʦʤ ʩʦʜʝʨʞʘʥʠʷ Mn ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ TbFe2Mnx ʫʤʝʥʴʰʘʝʪʩʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʬʘʟʘ ʃʘʚʝ-
ʩʘ. 
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Annotation. In this work magnetocrystalline anisotropy of TbFe2Mnx was studied. Anisotropy con-
stants were defined by two methods: using the law of approach to magnetic saturation and calcula-
tions of magnetization work. It is shown that increase of Mn content cases lowering of magneto-
crystalline anisotropy of TbFe2Mnx. 

Keywords: magnetocrystalline anisotropy, nonstoichoimetric Laves phase. 

 

ʉʦʝʜʠʥʝʥʠʝ TbFe2 ʷʚʣʷʝʪʩʷ ʤʘʛʥʠʪʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʩ ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ ʤʘʛʥʠʪʦ-
ʩʪʨʠʢʮʠʠ ɚs=1753 ppm ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ [1]. ʆʜʥʘʢʦ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʦ-
ʩʪʨʠʢʮʠʠ ʜʦʩʪʠʛʘʶʪʩʷ ʪʦʣʴʢʦ ʚ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʩ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 25 
ʢʕ. ɽʩʣʠ ʫʜʘʩʪʩʷ ʜʦʙʠʪʴʩʷ ʧʦʥʠʞʝʥʠʷ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ TbFe2 ʧʨʠ 
ʩʣʘʙʦʤ ʠʟʤʝʥʝʥʠʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ, ʪʦ ʵʪʦ ʧʨʠʚʝʜʝʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʚ ʧʨʠ-
ʝʤʣʝʤʳʭ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʷʭ. ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʩʧʦʩʦʙʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 
ʜʘʥʥʦʛʦ ʵʬʬʝʢʪʘ: ʣʠʙʦ ʟʘʤʝʱʘʪʴ Tb ʜʨʫʛʠʤ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ 
ʟʥʘʢʦʤ ʢʦʥʩʪʘʥʪʳ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʣʠʙʦ ʟʘʤʝʱʘʪʴ ʝʛʦ ʥʝʤʘʛʥʠʪʥʳʤ 
ʵʣʝʤʝʥʪʦʤ. ʇʝʨʚʦʝ ʙʳʣʦ ʩʜʝʣʘʥʦ ʚ 80-ʳʭ ʛʦʜʘʭ ʠ ʧʨʠʚʝʣʦ ʢ ʩʦʟʜʘʥʠʶ ʚʳʩʦʢʦʤʘʛʥʠʪʦʩʪʨʠʢ-
ʮʠʦʥʥʦʛʦ ʩʧʣʘʚʘ ʊʝʨʬʝʥʦʣ-ɼ (Tb0.3Dy0.7Fe2). ɺʪʦʨʦʡ ʩʧʦʩʦʙ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʛʜʝ 
ʚ ʧʦʟʠʮʠʷʭ ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ Tb ʯʘʩʪʠʯʥʦ ʟʘʤʝʱʘʝʪʩʷ ʥʘ Mn, ʯʪʦ ʚʦʟʤʦʞʥʦ ʚ ʥʝʩʪʝʭʠʦʤʝʪʨʠ-
ʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ [2]. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ 
TbFe2Mnx ʦʙʣʘʜʘʶʱʠʝ ʢʫʙʠʯʝʩʢʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ ʪʠʧʘ MgCu2 (ʧʨʦʩʪʨʘʥʩʪʚʝʥ-
ʥʘʷ ʛʨʫʧʧʘ Fd-3m). ʀʟʤʝʨʝʥʠʷ ʢʨʠʚʳʭ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʠʤʧʫʣʴʩʥʳʭ ʤʘʛʥʠʪ-
ʥʳʭ ʧʦʣʷʭ ʩ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʜʦ 200 ʢʕ ʧʨʠ T = 4.2 K ʥʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʚ 
ʬʦʨʤʝ ʰʘʨʘ. ʊʘʢ ʞʝ ʙʳʣ ʫʯʪʝʥ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʡ ʬʘʢʪʦʨ ʧʨʠ ʨʘʩʯʝʪʝ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪ-
ʥʦʛʦ ʧʦʣʷ, ʢʦʪʦʨʳʡ ʜʣʷ ʰʘʨʦʦʙʨʘʟʥʳʭ ʦʙʨʘʟʮʦʚ ʨʘʚʝʥ N=4ˊ/3. 

ɼʣʷ ʨʘʩʯʝʪʘ ʢʦʥʩʪʘʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʟʘʢʦʥ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʥʘʩʳʱʝ-
ʥʠʶ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʧʨʦʮʝʩʩ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʢʫʙʠʯʝʩʢʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʘ ʚ ʦʙʣʘʩʪʠ 
ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʥʘʩʳʱʝʥʠʶ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʫʨʘʚʥʝʥʠʝʤ [3]:  

 

ὓ Ὄ ὓ ρ
ὥ

Ὄ
c Ὄ (1)

 

ὑ Ȣ ὓ
ρπυ

ψ
ὥ (2)

ʛʜʝ Ms ï ʩʧʦʥʪʘʥʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ, cp ï ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʧʘʨʘʧʨʦʮʝʩʩʘ, a ï ʢʦʥ-
ʩʪʘʥʪʘ ʦʧʠʩʳʚʘʶʱʘʷ ʚʢʣʘʜ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, H ï ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, M ï ʥʘʤʘʛʥʠʯʝʥ-
ʥʦʩʪʴ, Keff. ï ʵʬʬʝʢʪʠʚʥʘʷ ʢʦʥʩʪʘʥʪʘ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 

ʀʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʝ (1) ʤʦʞʥʦ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʪʴ ʠʟʤʝʨʝʥʥʳʝ ʢʨʠʚʳʝ ʥʘʤʘʛʥʠʯʠʚʘ-
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ʥʠʷ ʠ ʪʝʤ ʩʘʤʳʤ ʧʦʣʫʯʠʪʴ ʧʘʨʘʤʝʪʨ a ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ (ʨʠʩ. 1) ʇʦ ʬʦʨʤʫʣʝ (2) ʜʣʷ ʩʦʝʜʠʥʝ-
ʥʠʡ ʢʫʙʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʠ ʠʟ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʵʬʬʝʢʪʠʚʥʦʝ ʟʥʘʯʝʥʠʝ 
ʢʦʥʩʪʘʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ Keff.. 

 

ʈʠʩ. 1. ʂʨʠʚʳʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʦʢʨʫʞʥʦʩʪʠ) ʚʦ ʚʥʫʪʨʝʥʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠ ʠʭ ʘʧʧʨʦʢʩʠ-
ʤʘʮʠʷ ʧʦ ʟʘʢʦʥʫ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʥʘʩʳʱʝʥʠʶ (ʣʠʥʠʷ) ʧʨʠ T = 4.2 K ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ TbFe2Mnx. 

ʊʘʢ ʞʝ ʢʦʥʩʪʘʥʪʘ ʘʥʠʟʦʪʨʦʧʠʠ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʧʦ ʨʘʙʦʪʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ [4]. ɺʳʩʦ-
ʢʦʧʦʣʝʚʦʡ ʠ ʚʦʩʭʦʜʷʱʠʡ ʫʯʘʩʪʦʢ ʢʨʠʚʳʭ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʩʷ ʣʠʥʠʷʤʠ, ʢʘʢ 
ʧʦʢʘʟʘʥʦ ʥʘ (ʨʠʩ. 2). ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʩʪʨʦʠʣʘʩʴ çʠʜʝʘʣʴʥʘʷè ʢʨʠʚʘʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ ʠʟʦ-
ʪʨʦʧʥʦʛʦ ʦʙʨʘʟʮʘ. ʇʣʦʱʘʜʴ ʤʝʞʜʫ çʠʜʝʘʣʴʥʦʡè ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʳʤʠ ʥʘʤʘʛʥʠʯʠ-
ʚʘʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʙʦʪʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʦʪʠʚ ʩʠʣ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʧʨʦʧʦʨ-
ʮʠʦʥʘʣʴʥʘ ʢʦʥʩʪʘʥʪʝ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Keff. (3):  

 

ʈʠʩ. 2. «ʀʜʝʘʣʴʥʳʝ» (ʣʠʥʠʠ) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ʪʦʯʢʠ) ʢʨʠʚʳʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʠ T = 
4.2 K ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ TbFe2Mnx. 

 

ὑ Ȣ ὅὃ (3)

ʛʜʝ A ï ʨʘʙʦʪʘ ʧʦ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʶ, ʪʦ ʝʩʪʴ ʧʣʦʱʘʜʴ ʤʝʞʜʫ çʠʜʝʘʣʴʥʦʡè ʠ ʵʢʩʧʝʨʠ-
ʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʳʤʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʉ ï ʢʦʥʩʪʘʥʪʘ. ʄʳ ʦʮʝʥʠʣʠ ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʉ ʧʦ 
ʬʦʨʤʫʣʝ C = Keff./A=11.9, ʛʜʝ Keff. ï ʵʬʬʝʢʪʠʚʥʘʷ ʢʦʥʩʪʘʥʪʘ ʘʥʠʟʦʪʨʦʧʠʠ, ʦʧʨʝʜʝʣʝʥʥʘʷ ʠʟ 
ʟʘʢʦʥʘ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʥʘʩʳʱʝʥʠʶ ʜʣʷ TbFe2, ʘ A ï ʨʘʙʦʪʘ ʧʦ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʶ ʜʣʷ TbFe2. 
ʀʩʧʦʣʴʟʫʷ ʧʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ C, ʤʳ ʚʳʯʠʩʣʠʣʠ Keff. ʜʣʷ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ʠʟ 
ʨʘʙʦʪʳ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʦ ʬʦʨʤʫʣʝ (3).  

ʂʦʥʩʪʘʥʪʘ ʘʥʠʟʦʪʨʦʧʠʠ, ʦʧʨʝʜʝʣʸʥʥʘʷ ʠʟ ʟʘʢʦʥʘ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʥʘʩʳʱʝʥʠʶ, ʢʘʢ ʠ 
ʨʘʙʦʪʘ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʫʤʝʥʴʰʘʶʪʩʷ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ Mn (ʨʠʩ. 3). ʂʦʥʩʪʘʥʪʳ ʘʥʠʟʦ-
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ʪʨʦʧʠʠ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʜʚʫʤʷ ʤʝʪʦʜʘʤʠ ʙʣʠʟʢʠ ʧʦ ʚʝʣʠʯʠʥʝ ʠ ʫʙʳʚʘʶʱʫʶ ʟʘʚʠʩʠʤʦʩʪʴ. ɺ 
ʩʦʝʜʠʥʝʥʠʠ TbFe2Mnx ʟʘ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʦʪʚʝʯʘʝʪ ʪʝʨʙʠʡ. ʇʦʥʠʞʝ-
ʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ Mn ʚ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ TbFe2Mnx ʯʘ-
ʩʪʠʯʥʦ ʟʘʥʠʤʘʝʪ ʧʦʟʠʮʠʠ Tb (8ʘ), ʪʦ ʝʩʪʴ, ʫʤʝʥʴʰʘʝʪʩʷ ʝʛʦ ʫʜʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚ ʩʧʣʘʚʝ. 

 

ʈʠʩ. 3. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʡ ʢʦʥʩʪʘʥʪʳ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

Keff. ʧʦʩʯʠʪʘʥʥʦʡ ʜʚʫʤʷ ʤʝʪʦʜʘʤʠ ʠ ʨʘʙʦʪʳ ʧʦ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʶ ʧʨʠ T = 4.2 ʂ ʦʪ ʩʦʜʝʨʞʘʥʠʷ Mn. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ ˉ 20-42-660008) ʠ ʧʨʘʚʠʪʝʣʴʩʪʚʘ ʉʚʝʨʜ-
ʣʦʚʩʢʦʡ ʦʙʣʘʩʪʠ. 
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ʋɼʂ 537.622 

ʇʆʀʉʂ ʌɸɿʓ ʊɽʊʈɸʊɽʅʀʊɸ ɺ ʉʇʃɸɺɸʍ Fe49Ni49X2 (X =Al, 
Ti), ʇʆɼɺɽʈɻʅʋʊʓʍ ʀʅʊɽʅʉʀɺʅʆʁ ʇʃɸʉʊʀʏɽʉʂʆʁ 

ɼɽʌʆʈʄɸʎʀʀ 
ʋʣʴʷʥʦʚ ʄ.ʅ. 

ʢ. ʬ.-ʤ. ʥ., ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ; 
ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ɹʘʣʪʠʡʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʀ. ʂʘʥʪʘ 

ʄʝʜʚʝʜʩʢʘʷ ʇ.ʅΦ 

ʘʩʧʠʨʘʥʪ, ʣʘʙʦʨʘʥʪ-ʠʩʩʣʝʜʦʚʘʪʝʣʴ, ɹʘʣʪʠʡʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʀ. ʂʘʥʪʘ 

ʐʝʚʳʨʪʘʣʦʚ ʉ.ʅ. 

ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ɹʘʣʪʠʡʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʀ. ʂʘʥʪʘ 

ɹʦʛʫʰ ʄ.ʖ. 

ʘʩʧʠʨʘʥʪ, ʣʘʙʦʨʘʥʪ-ʠʩʩʣʝʜʦʚʘʪʝʣʴ, ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ɻʘʚʨʠʣʦʚʘ ʄ.ɸ. 

ʩʪʫʜʝʥʪʢʘ, ʣʘʙʦʨʘʥʪ-ʠʩʩʣʝʜʦʚʘʪʝʣʴ, ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ʊʘʩʢʘʝʚ ʉ.ɺ. 

ʜ. ʬ.-ʤ. ʥ., ʧʨʦʬʝʩʩʦʨ, ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ; ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ 
ʫʧʨʘʚʣʝʥʠʷ ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ, ʖʞʥʦ-ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

(ʅʀʋ) 

ɻʫʥʜʝʨʦʚ ɼʤʠʪʨʠʡ ɺʘʣʝʨʴʝʚʠʯ 

ʜ. ʬ.-ʤ. ʥ., ʚʝʜʫʱʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʦʣʝʢʫʣ ʠ ʢʨʠʩʪʘʣʣʦʚ ʋʅʎ ʈɸʅ 

 

ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʩʦʦʙʱʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʢʨʫʯʝʥʠʷ ʧʦʜ 
ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ (ʂɺɼ) ʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʥʘ ʤʘʛʥʠʪʥʳʝ ʠ ʩʪʨʫʢʪʫʨʥʳʝ 
ʩʚʦʡʩʪʚʘ ʩʧʣʘʚʦʚ Fe49Ni49Ti2 ʠ Fe49Ni49Al2. ʆʧʨʝʜʝʣʝʥʳ ʦʩʥʦʚʥʳʝ ʤʘʛʥʠʪʥʳʝ ʠ ʩʪʨʫʢʪʫʨʥʳʝ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʠʪʳʭ ʠ ʂɺɼ-ʦʙʨʘʟʮʦʚ. ɼʦʙʘʚʣʝʥʠʝ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ Ti ʠ Al ʠ 
ʧʦʩʣʝʜʫʶʱʠʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʩʪʨʫʢʪʫʨʳ L10 
ʜʘʞʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʦʪʚʝʨʜʳʝ ʤʘʪʝʨʠʘʣʳ, ʢʨʫʯʝʥʠʝ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ, 
ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ, ʙʝʟʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʤʝʪʘʣʣʳ, ʧʦʩʪʦʷʥʥʳʡ ʤʘʛʥʠʪ, 
ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ 
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ʈʘʟʚʠʪʠʝ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ, ʥʝ ʩʦʜʝʨʞʘʱʠʭ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 
ʵʣʝʤʝʥʪʦʚ, ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. ʉʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ Fe ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ 
ʤʥʦʛʦʦʙʝʱʘʶʱʠʭ ʢʘʥʜʠʜʘʪʦʚ ʚ ʢʘʯʝʩʪʚʝ ʙʝʟʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 
ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ. ʊʘʢ ʪʝʪʨʘʪʝʥʠʪ ï ʩʧʣʘʚ FeNi c ʬʘʟʦʡ L10 ï ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 
ʧʨʠʨʦʜʥʳʡ ʙʝʟʨʝʜʢʦʟʝʤʝʣʴʥʳʡ ʧʦʩʪʦʷʥʥʳʡ ʤʘʛʥʠʪ, ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʦʛʦ 
ʩʦʧʦʩʪʘʚʠʤʳ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʩʦʚʨʝʤʝʥʥʳʭ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ 
ʥʘ ʦʩʥʦʚʝ Nd2Fe14B. ʆʜʥʘʢʦ, ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʘʟʳ L10 ʠʟ ʬʘʟʳ ɸ1 ʥʝʦʙʭʦʜʠʤʳ 
ʤʠʣʣʠʘʨʜʳ ʣʝʪ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ [1]. ɺ ʩʠʣʫ ʩʣʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʪʘʢʦʡ 
ʬʘʟʳ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʪʝʪʨʘʪʝʥʠʪʘ ʤʘʣʦ ʠʟʫʯʝʥʳ. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʚ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʧʝʯʘʪʠ ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʩʪʘʪʝʡ ʦ 
ʧʦʧʳʪʢʘʭ ʩʠʥʪʝʟʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʦʪʚʝʨʜʦʡ L10 ʬʘʟʳ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ [2ς4]. ɺ 
ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʨʘʙʦʪʝ [5] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʠʩʪʝʤʘʭ Fe2-x-yNixMy (M = Al, P, S, Ti, V, Cr, Mn, Fe, 
Co) ʣʝʛʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʤʦʞʝʪ ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʫ, ʫʚʝʣʠʯʠʪʴ 
ʢʦʣʠʯʝʩʪʚʦ L10 ʬʘʟʳ ʚ ʨʦʜʠʪʝʣʴʩʢʦʡ ʤʘʪʨʠʮʝ ʩʧʣʘʚʘ FeNi.ʠ ʫʣʫʯʰʠʪʴ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʩʦʦʙʱʘʝʤ ʦ ʤʘʛʥʠʪʥʳʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʩʚʦʡʩʪʚʘʭ Fe49Ni49X2 (X = 
Al, Ti) ʩʧʣʘʚʦʚ, ʧʦʜʚʝʨʛʥʫʪʳʭ ʠʥʪʝʥʩʠʚʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ (ʀʇɼ) ʤʝʪʦʜʦʤ ʂɺɼ, 
ʘ ʪʘʢʞʝ ʦ ʨʝʟʫʣʴʪʘʪʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ, ʫʩʢʦʨʷʶʱʝʛʦ ʦʙʨʘʟʦʚʘʥʠʝ ʬʘʟʳ L10. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʩʧʣʘʚʳ: Fe50Ni50, Fe49Ni49Ti2, 
Fe49Ni49Al2. ɺʩʝ ʩʧʣʘʚʳ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʠʟ ʯʠʩʪʳʭ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʤʝʪʦʜʦʤ ʘʨʛʦʥ-
ʜʫʛʦʚʦʡ ʧʣʘʚʢʠ. ʄʥʦʛʦʢʨʘʪʥʘʷ ʧʝʨʝʧʣʘʚʢʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʛʦʤʦʛʝʥʠʟʠʨʫʶʱʠʤ ʦʪʞʠʛʦʤ 
ʚʳʧʦʣʥʷʣʘʩʴ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʩʪʝʧʝʥʠ ʦʜʥʦʨʦʜʥʦʩʪʠ ʠʟʛʦʪʘʚʣʠʚʘʝʤʦʛʦ ʩʧʣʘʚʘ. ʀʇɼ 
ʧʨʦʚʦʜʠʣʘʩʴ ʂɺɼ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʨʠʣʘʛʘʝʤʦʝ ʜʘʚʣʝʥʠʝ ʨʘʚʥʷʣʦʩʴ 6 ɻʇʘ. 
ʆʙʱʝʝ ʯʠʩʣʦ ʚʠʪʢʦʚ ʙʦʡʢʦʚ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʣʦ n = 5. ɼʠʘʤʝʪʨ ʙʦʡʢʦʚ 
ʩʦʩʪʘʚʣʷʣ 10 ʤʤ. ʊʦʣʱʠʥʘ ʧʣʘʩʪʠʯʝʩʢʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʨʘʚʥʷʣʘʩʴ ʧʨʠʤʝʨʥʦ 
200 ʤʢʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠʩʩʣʝʜʫʝʤʳʭ ʩʧʣʘʚʦʚ, ʧʨʦʚʝʜʝʥʥʳʝ ʥʘ 
ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Rigaku Ultima V ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ CuKŬ-ʠʟʣʫʯʝʥʠʷ, ʜʦ ʠ 
ʧʦʩʣʝ ʂɺɼ ʜʣʷ Fe49Ni49Ti2 ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʙʦʪʝ [6]. ɼʣʷ ʩʧʣʘʚʘ Fe49Ni49Al2 ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ 
ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʥʪʠʯʥʘ ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʥʝʟʥʘʯʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʦʚ. 
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ʅʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʧʦʣʥʦʩʪʴʶ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʟʘʢʦʥʦʤ ɺʝʛʘʨʜʘ ʠ 
ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʘʪʦʤʥʳʡ ʨʘʜʠʫʩ ʪʠʪʘʥʘ ʠ ʘʣʶʤʠʥʠʷ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʞʝʣʝʟʘ ʠ ʥʠʢʝʣʷ (ʪʘʙʣ. 
1). ʂɺɼ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʣʴʯʝʥʠʶ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ, ʯʪʦ ʥʘʭʦʜʠʪ ʩʚʦʝ ʦʪʨʘʞʝʥʠʝ ʚ 
ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʫʰʠʨʝʥʠʠ ʨʝʬʣʝʢʩʦʚ ʥʘ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʧʨʦʬʠʣʷʭ. ʇʦʩʣʝ ʀʇɼ ʧʨʦʠʩʭʦʜʠʪ 
ʫʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʠ ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ 
ʠʟʤʝʣʴʯʝʥʠʝʤ ʟʝʨʝʥ ʤʘʪʝʨʠʘʣʘ ʠ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʧʣʘʩʪʠʯʝʩʢʠʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ.  

ɺʩʝ ʤʘʛʥʠʪʥʳʝ 
ʠʟʤʝʨʝʥʠʷ ʙʳʣʠ 
ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ 
PPMS Quantum Design 
VersaLab ʧʨʠ ʊ = 50-
350 ʂ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 
ʜʦ 3 ʊʣ. ʀʟ ʤʘʛʥʠʪʥʳʭ 
ʠʟʤʝʨʝʥʠʡ (ʪʘʙʣ. 2 ʠ ʪʘʙʣ. 3) ʩʣʝʜʫʝʪ, ʯʪʦ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ 10 % 
ʜʣʷ Fe49Ni49Ti2 ʠ Fe49Ni49Al2 ʦʪʥʦʩʠʪʝʣʴʥʦ ʣʠʪʦʛʦ ʩʧʣʘʚʘ Fe50Ni50. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʥʘʩʳʱʝʥʠʷ ʣʠʪʳʭ ʦʙʨʘʟʮʦʚ ʟʥʘʯʝʥʠʝ MS ʥʘ 10 % ʤʝʥʴʰʝ ʜʣʷ 
ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʂɺɼ-ʦʙʨʘʟʮʦʚ. ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʧʨʠ T = 300 Áʉ ʚ ʪʝʯʝʥʠʝ 
ʚʨʝʤʝʥʠ t = 1300 ʯʘʩʦʚ (ʨʠʩ. 1) ʧʣʘʩʪʠʯʝʩʢʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠʚʦʜʠʪ ʢ 
ʫʚʝʣʠʯʝʥʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ MS ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʝʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʜʦ ʟʥʘʯʝʥʠʡ 
ʣʠʪʳʭ ʦʙʨʘʟʮʦʚ ʠ ʩʥʠʞʝʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʜʣʷ ʨʘʟʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ 
ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. 
   

ʊʘʙʣʠʮʘ 2. ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʣʠʪʳʭ ʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʆʙʨʘʟʝʮ 
Ms, ɸʤ2ʢʛ-1 

ʃʠʪʦʡ ʦʙʨʘʟʝʮ ɼʝʬʦʨʤʠʨʦʚʘʥʥʳʡ ʦʙʨʘʟʝʮ ʆʪʞʠʛ 
300 K 350 K 50 ʂ 300 ʂ 350 ʂ 50 ʂ 350 ʂ 

Fe50Ni50 154.6 150.1 155.8 145.2 141.3 159.7 145.1 
Fe49Ni49Al2 147.9 143.5 148.8 136.9 132.9 - 140.8 
Fe49Ni49Ti2 144.7 140.6 143.1 132.7 128.5 154.1 136.7 

ʊʘʙʣʠʮʘ 3. ʆʩʪʘʪʦʯʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʠ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʣʠʪʳʭ ʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʆʙʨʘʟʝʮ 
ʃʠʪʦʡ ʦʙʨʘʟʝʮ ɼʝʬʦʨʤʠʨʦʚʘʥʥʳʡ ʦʙʨʘʟʝʮ ʆʪʞʠʛ 

Mr, ɸʤ2ʢʛ-1 Hc, ʕ Mr, ɸʤ2ʢʛ-1 Hc, ʕ Mr, ɸʤ2ʢʛ-1 Hc, ʕ 
300 K 350 K 300 ʂ 350 ʂ 50 ʂ 350 ʂ 50ʂ 350 K 50 ʂ 350 ʂ 50 ʂ 350 ʂ 

Fe50Ni50 18.0 17.9 67.6 67.7 10.2 3.9 15.1 3.8 2.8 3.4 1.4 3.0 
Fe49Ni49Al2 5.3 5.4 66.2 69.2 19.8 12.4 10.1 23.5 - 0.57 - 1.35 
Fe49Ni49Ti2 7.7 7.3 69.1 69.2 15.6 9.1 4.3 1.1 2.2 1.9 3.9 3.6 

  ʄʠʢʨʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʚ ʧʦʧʝʨʝʯʥʦʤ ʨʝʞʠʤʝ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 
ʤʠʢʨʦʩʢʦʧʠʝʡ (ʉʕʄ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ Carl Zeiss Crossbeam 540. ɼʣʷ ʩʦʭʨʘʥʝʥʠʷ 
ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʳ ʙʳʣʠ ʚʳʨʝʟʘʥʳ ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʠʦʥʥʳʤ ʧʫʯʢʦʤ (FIB). ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ 
ʉʕʄ [7] ʩʣʝʜʫʝʪ, ʯʪʦ ʦʙʨʘʟʮʳ ʧʦʩʣʝ ʂɺɼ ʠʤʝʶʪ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩ 
ʚʳʪʷʥʫʪʳʤʠ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʨʘʟʤʝʨʦʤ ʦʪ 100 ʜʦ 500 ʥʤ, ʠʤʝʶʱʠʝ ʚʳʜʝʣʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʠ 
ʨʘʟʜʝʣʝʥʥʳʝ ʥʝʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʩʨʝʜʦʡ. ʇʦʩʣʝ ʦʪʞʠʛʘ ʬʦʨʤʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʤʝʥʷʝʪʩʷ, ʠʭ 
ʨʘʟʤʝʨ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ ʤʠʢʨʦʥʘ ʚ ʰʠʨʠʥʫ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 
ʢʨʠʩʪʘʣʣʠʪʦʚ ʩʦʭʨʘʥʷʶʪ ʨʘʟʤʝʨ ʠ ʬʦʨʤʫ ʧʦʩʣʝ ʦʪʞʠʛʘ. ʕʪʦ ʤʦʛʣʦ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʢʣʘʩʪʝʨʘʤʠ 
ʪʠʪʘʥʘ, ʧʦʪʦʤʫ ʯʪʦ ʨʦʩʪ ʟʝʨʥʘ ʧʦʩʣʝ ʂɺɼ ʚ ʯʠʩʪʦʤ Ti ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 350 Áʉ ʠ 
ʚʳʰʝ [8]. ʆʨʠʝʥʪʘʮʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ ʙʳʣʘ ʨʘʟʨʫʰʝʥʘ ʜʣʠʪʝʣʴʥʳʤ ʦʪʞʠʛʦʤ, ʢʦʪʦʨʳʡ 
ʚʳʟʳʚʘʝʪ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʚʩʝʛʦ ʩʧʣʘʚʘ ʠ ʨʝʣʘʢʩʘʮʠʶ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ. ʕʪʠ 
ʥʘʙʣʶʜʝʥʠʷ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. 

ʄʘʛʥʠʪʥʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 
(ɸʉʄ) ʧʨʠ ʧʦʤʦʱʠ Aist-NT Smart SPM1000 ʥʘ ʦʙʨʘʟʮʘʭ ʚ ʦʩʪʘʪʦʯʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʠ 
ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 

ʊʘʙʣʠʮʘ 1. ʇʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ ʣʠʪʳʭ ʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ
ʆʙʨʘʟʝʮ N ʇʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ a, ¡ ʆʙʲʝʤ ʨʝʰʝʪʢʠ, ¡ ɼʝʬʦʨʤʘʮʠʷ, % 

Fe49Ni49Al

2

0 3.600Ñ0.001 885 0.380 
5 3.578Ñ0.001 180 0.369 

Fe49Ni49Ti

2

0 3.606Ñ0.001 188 0.155 
5 3.593Ñ0.001 125 0.147 

Fe50Ni50 0 3.599Ñ0.001 604 0.370 
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ʈʠʩ. 2. ɸʉʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʩʧʣʘʚʘ Fe49Ni49Ti2 ʧʦʩʣʝ ʂɺɼ (ʩʣʝʚʘ) ʠ ʂɺɼ+ʦʪʞʠʛ ʧʨʠ T = 300 °ʉ ʚ 
ʪʝʯʝʥʠʝ t = 1300 ʯʘʩʦʚ Fe49Ni49Ti2 (ʚ ʮʝʥʪʨʝ) ʠ Fe49Ni49Al2 (ʩʧʨʘʚʘ).

ʆʙʨʘʟʮʳ ʜʣʷ ɸʉʄ-ʠʟʤʝʨʝʥʠʡ ʙʳʣʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʚ ʬʦʨʤʝ ʧʨʷʤʦʫʛʦʣʴʥʠʢʦʚ 
ʨʘʟʤʝʨʘʤʠ 0,5ʭ1,0 ʤʤ ʠ ʪʦʣʱʠʥʘʤʠ ʦʢʦʣʦ 200 ʤʢʤ ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʚʝʨʛʥʫʪʳ 
ʵʣʝʢʪʨʦʧʦʣʠʨʦʚʢʝ ʚʦ ʠʟʙʝʞʘʥʠʠ ʚʣʠʷʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʣʦʷ ʠ ʤʦʨʬʦʣʦʛʠʠ 
ʚ ʤʘʛʥʠʪʥʳʡ ʩʠʛʥʘʣ. ʇʦʩʣʝ ʂɺɼ ʚ ʦʙʨʘʟʮʝ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʳʯʥʘʷ ʧʦʣʦʩʦʚʘʷ ʜʦʤʝʥʥʘʷ 
ʩʪʨʫʢʪʫʨʘ, ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʨʠʩ.2,  ʩʣʝʚʘ). ɼʦʤʝʥʳ ʠʤʝʶʪ 
ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʟʥʘʢʦʤ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, 
ʚʳʟʚʘʥʥʦʡ ʥʘʧʨʷʞʝʥʠʝʤ. ɼʣʠʪʝʣʴʥʳʡ ʦʪʞʠʛ ʧʨʠʚʦʜʠʪ ʢ ʨʝʣʘʢʩʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʠ 
ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʯʪʦ ʜʝʣʘʝʪ ʦʙʨʘʟʝʮ ʠʟʦʪʨʦʧʥʳʤ. ɼʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʝʥʷʝʪʩʷ ʦʪ ʧʨʦʩʪʦʡ 
ʧʦʣʦʩʦʚʦʡ ʢ ʨʘʟʚʝʪʚʣʝʥʥʦʡ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʩʠʣʴʥʦ ʨʘʟʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 
ɹʦʣʝʝ ʚʳʨʘʞʝʥʥʘʷ ʨʘʟʥʦʩʪʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʟʝʨʥʘʭ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ 
ʭʘʦʪʠʯʥʦʡ ʠ ʟʘʢʨʫʯʝʥʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ (ʨʠʩ. 2, ʚ ʮʝʥʪʨʝ). ɼʣʷ Fe49Ni49Al2 ʩʧʣʘʚʘ ʧʦʩʣʝ 
ʦʪʞʠʛʘ (ʨʠʩ. 2, ʩʧʨʘʚʘ) ʤʳ ʥʘʙʣʶʜʘʣʠ ʬʨʘʛʤʝʥʪʘʨʥʫʶ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ. 

ʆʯʝʚʠʜʥʦʝ ʦʪʩʫʪʩʪʚʠʝ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟʳ L10 ʧʨʠʚʦʜʠʪ ʢ ʩʣʝʜʫʶʱʝʤʫ ʚʳʚʦʜʫ: 
ʪʝʢʫʱʠʝ ʧʘʨʘʤʝʪʨʳ ʂɺɼ ʠ ʢʦʥʮʝʥʪʨʘʮʠʷ Ti ʠʣʠ Al ʥʝʜʦʩʪʘʪʦʯʥʳ, ʯʪʦʙʳ ʚʳʟʚʘʪʴ 
ʦʙʨʘʟʦʚʘʥʠʝ ʬʘʟʳ ʪʝʪʨʘʪʝʥʠʪʘ L10 ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʥʦʡ ʜʠʬʬʫʟʠʠ ʘʪʦʤʦʚ ʠʣʠ ʢʦʣʠʯʝʩʪʚʦ 
ʬʘʟʳ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤ ʢʫʙʠʯʝʩʢʠʤ FeNi. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ19-72-00047 ʠ ʧʨʦʛʨʘʤʤʳ 
ʧʦʚʳʰʝʥʠʷ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ ɹʌʋ ʠʤ. ʀ. ʂʘʥʪʘ (5-100). 
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ʋɼʂ 537.6 

ʀʉʉʃɽɼʆɺɸʅʀɽ ɺʃʀʗʅʀʗ ʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʊʆʂɸ 
ɺʓʉʆʂʆʁ ʇʃʆʊʅʆʉʊʀ ʅɸ ʇʈʆʎɽʉʉ 

ʌɸɿʆʆɹʈɸɿʆɺɸʅʀʗ ɺ ʈɽɸʂʎʀʆʅʅʆʄ ʊʀɻʃɽ Fe-Sn 

ɹʦʯʢʘʥʦʚ ʌ.ʖ. 

ʩʪʫʜʝʥʪ, ʤʘʛʠʩʪʨ 2 ʢʫʨʩ 
ʀʥʩʪʠʪʫʪ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ, ʅʘʮʠʦʥʘʣʴʥʳʡ ʀʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʋʥʠʚʝʨʩʠʪʝʪ (ʅʀʊʋ) çʄʀʉʠʉè 

ʂʘʨʧʝʥʢʦʚ ɼ. ʖ. 

ʅʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ 

ʢ.ʬ.- ʤ.ʥ., ʥ.ʩ., ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʄ. ɺ. ʃʦʤʦʥʦʩʦʚʘ (ʄɻʋ) 

  

ɸʥʥʦʪʘʮʠʷ. ʄʝʪʦʜ ʨʝʘʢʮʠʦʥʥʦʛʦ ʪʠʛʣʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ 
ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ. ʆʜʥʘʢʦ ʫ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ 
ʥʝʜʦʩʪʘʪʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʧʨʦʙʣʝʤʘ ʠʩʯʝʟʥʫʚʰʠʭ ʬʘʟ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʦ 
ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʥʘ ʧʨʦʮʝʩʩʳ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʠ ʜʠʬʬʫʟʠʠ ʚ ʨʝʘʢʮʠʦʥʥʦʤ 
ʪʠʛʣʝ. ʇʨʠʤʝʥʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʵʣʝʢʪʨʦʧʝʨʝʥʦʩʘ, ʢʦʪʦʨʳʡ 
ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʘ ʜʠʬʬʫʟʠʶ ʚ ʩʠʩʪʝʤʝ. ʈʝʞʠʤʳ ʨʘʙʦʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʧʦʟʚʦʣʷʶʪ 
ʫʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ, ʩʥʠʞʘʷ ʚʨʝʤʷ 
ʧʦʣʫʯʝʥʠʷ ʬʘʟ, ʘ ʪʘʢʞʝ ʧʦʣʫʯʠʪʴ ʚʩʝ ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʬʘʟʳ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ ʥʘ 
ʨʘʚʥʦʚʝʩʥʦʡ ʜʠʘʛʨʘʤʤʝ Fe-Sn. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ, ʵʣʝʢʪʨʦʧʝʨʝʥʦʩ, 
ʵʣʝʢʪʨʦʦʙʨʘʙʦʪʢʘ, ʥʦʚʳʝ ʩʧʦʩʦʙʳ ʩʠʥʪʝʟʘ. 
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Annotation. The reaction crucible is one of the promising methods for studying multicomponent 
systems. However, this method has disadvantages, including the problem of “missing” phases. In 
this work, the influence of electric current on the phase formation and diffusion in a reaction 
crucible was studied. The application of electric current leads to the appearance of 
electromigration, which affects the diffusion in the system. Modes of electric current allow to speed 
up the process of constructing multicomponent phase diagrams and to obtain all metastable phases 
present in the Fe-Sn equilibrium binary diagram. 
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ʈʝʘʢʮʠʦʥʥʳʡ ʪʠʛʝʣʴ ï ʵʪʦ ʪʝʭʥʦʣʦʛʠʷ ʠʟʫʯʝʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ. ʆʜʠʥ ʠʟ 
ʠʩʩʣʝʜʫʝʤʳʭ ʵʣʝʤʝʥʪʦʚ ʩʠʩʪʝʤʳ ʩʣʫʞʠʪ ʩʦʩʫʜʦʤ, ʚ ʢʦʪʦʨʳʡ ʧʦʤʝʱʘʶʪʩʷ ʦʩʪʘʣʴʥʳʝ 
ʢʦʤʧʦʥʝʥʪʳ. ɻʣʘʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ï ʦʪʩʫʪʩʪʚʠʝ ʧʨʠʤʝʩʝʡ ʩʪʦʨʦʥʥʠʭ 
ʤʘʪʝʨʠʘʣʦʚ, ʥʝ ʟʘʜʝʡʩʪʚʦʚʘʥʥʳʭ ʚ ʩʠʩʪʝʤʝ [1]. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʚʥʫʪʨʠ ʨʝʘʢʮʠʦʥʥʦʛʦ ʪʠʛʣʷ 
ʢʦʤʧʦʥʝʥʪʳ ʚʦ ʚʨʝʤʷ ʦʪʞʠʛʘ ʥʘʭʦʜʷʪʩʷ ʚ ʞʠʜʢʦʤ ʩʦʩʪʦʷʥʠʠ, ʯʪʦ ʫʩʢʦʨʷʝʪ ʧʨʦʮʝʩʩ 
ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʝ. ʅʘʣʠʯʠʝ ʨʷʜʘ ʧʨʝʠʤʫʱʝʩʪʚ ʩʦʧʨʷʞʝʥʦ ʩ ʥʝʢʦʪʦʨʳʤʠ 
ʥʝʜʦʩʪʘʪʢʘʤʠ. ʆʜʥʦʡ ʠʟ ʵʪʠʭ ʧʨʦʙʣʝʤ ʷʚʣʷʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʧʨʦʙʣʝʤʘ ʠʩʯʝʟʥʫʚʰʠʭ ʬʘʟ, ʩ 
ʢʦʪʦʨʦʡ ʤʳ ʚʩʪʨʝʪʠʣʠʩʴ ʚ ʨʘʙʦʪʝ [2]. ʆʪʩʫʪʩʪʚʠʝ ʬʘʟ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʥʦ ʩ ʢʘʢ ʩ 
ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤʠ, ʪʘʢ ʠ ʩ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʧʨʠʯʠʥʘʤʠ [3]. ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʩʧʦʩʦʙʦʚ 
ʨʝʰʝʥʠʷ ʵʪʠʭ ʧʨʦʙʣʝʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʧʨʠʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʕʣʝʢʪʨʦʤʠʛʨʘʮʠʷ ï ʵʪʦ ʚʳʥʫʞʜʝʥʥʘʷ ʜʠʬʬʫʟʠʷ ʘʪʦʤʦʚ, ʜʚʠʞʫʱʝʡ ʩʠʣʦʡ ʢʦʪʦʨʦʡ 
ʚʳʩʪʫʧʘʝʪ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʠ ʩʚʷʟʘʥʥʳʡ ʩ ʥʠʤ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʚ ʤʝʪʘʣʣʘʭ [4]. 
ʕʣʝʢʪʨʦʤʠʛʨʘʮʠʶ (ʕʄ), ʣʠʙʦ ʵʣʝʢʪʨʦʧʝʨʝʥʦʩ ʧʨʠʥʷʪʦ ʧʨʝʜʩʪʘʚʣʷʪʴ, ʢʘʢ ʩʫʤʤʫ ʧʨʷʤʦʡ ʩʠʣʳ 
Fd, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʠ ʩʠʣʳ ʵʣʝʢʪʨʦʥʥʦʛʦ 
ʚʝʪʨʘ Fw. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʦʙʱʝʝ ʫʨʘʚʥʝʥʠʝ (1) ʜʚʠʞʫʱʝʡ ʩʠʣʳ ʕʄ: 

& Ὂ Ὂ ᾀ ᾀ ὩʍὮ ᾀᶻὩʍὮ (1)

ʛʜʝ zd; zw; ʠ z* ï ʵʬʬʝʢʪʠʚʥʳʝ ʟʘʨʷʜʳ ʚ ʧʨʷʤʦʡ ʩʠʣʝ, ʩʠʣʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʚʝʪʨʘ ʠ 
ʯʠʩʪʦʡ ʩʠʣʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, e ï ʦʩʥʦʚʥʦʡ ʟʘʨʷʜ, ɟ ï ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, j ï ʧʣʦʪʥʦʩʪʴ 
ʪʦʢʘ.  

ʇʦʤʠʤʦ ʪʦʛʦ ʬʘʢʪʘ, ʯʪʦ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʙʫʜʝʪ ʠʥʜʫʮʠʨʦʚʘʪʴ ʧʦʪʦʢ ʠʦʥʦʚ ʠ 
ʚʳʟʳʚʘʪʴ ʕʄ, ʩʘʤʘ ʜʠʬʬʫʟʠʷ ʯʘʩʪʠʮ, ʚʳʟʚʘʥʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ, ʪʘʢʞʝ ʙʫʜʝʪ 
ʚʳʟʳʚʘʪʴ ʤʝʭʘʥʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠʟ-ʟʘ ʥʘʢʦʧʣʝʥʠʷ ʘʪʦʤʦʚ ʧʝʨʝʜ ʨʝʣʘʢʩʘʮʠʝʡ, ʯʪʦ 
ʚʳʟʳʚʘʝʪ ʥʘʧʨʷʞʝʥʠʝ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʕʄ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʙʨʘʟʫʝʪʩʷ ʛʨʘʜʠʝʥʪ ʦʙʨʘʪʥʦʛʦ 
ʥʘʧʨʷʞʝʥʠʷ, ʢʦʪʦʨʳʡ ʙʫʜʝʪ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʜʚʠʞʫʱʫʶ ʩʠʣʫ ʕʄ. ʆʙʳʯʥʦ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, 
ʯʪʦ ʕʄ-ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʜʠʬʬʫʟʠʷ ʘʪʦʤʦʚ / ʚʘʢʘʥʩʠʡ ʦʩʘʞʜʘʝʪʩʷ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ. ʕʪʠ 
ʘʪʦʤʳ / ʚʘʢʘʥʩʠʠ ʤʦʛʫʪ ʦʙʲʝʜʠʥʷʪʴʩʷ ʩ ʟʝʨʥʦʛʨʘʥʠʯʥʳʤʠ ʜʠʩʣʦʢʘʮʠʷʤʠ ʠ ʚʳʟʳʚʘʪʴ 
ʧʝʨʝʧʦʣʟʘʥʠʝ ʜʠʩʣʦʢʘʮʠʡ, ʢʦʪʦʨʦʝ ʠʟʤʝʥʷʝʪ ʜʦʩʪʫʧʥʳʝ ʫʟʣʳ ʨʝʰʝʪʢʠ ʚ ʟʝʨʥʘʭ. ʂʦʛʜʘ 
ʚʳʟʚʘʥʥʘʷ ʕʄ ʚʘʢʘʥʩʠʷ ʜʠʬʬʫʥʜʠʨʫʝʪ ʢ ʛʨʘʥʠʮʝ ʟʝʨʥʘ, ʦʥʘ ʚʳʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ 
ʟʝʨʥʘ ʠʟ-ʟʘ ʨʝʣʘʢʩʘʮʠʠ ʩʦʩʝʜʥʠʭ ʘʪʦʤʦʚ. ʇʦʣʥʳʡ ʧʦʪʦʢ ʚʘʢʘʥʩʠʡ ʧʦʢʘʟʘʥ ʚ ʬʦʨʤʫʣʝ (2): 
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ʛʜʝ D ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ, k ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, T ï ʪʝʤʧʝʨʘʪʫʨʘ, x ï 
ʨʘʩʩʪʦʷʥʠʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ, C ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʘʢʘʥʩʠʠ ʥʘ ʛʨʘʥʠʮʝ ʟʝʨʥʘ, 

 ï ʛʨʘʜʠʝʥʪ ʥʘʧʨʷʞʝʥʠʡ, f ï ʬʘʢʪʦʨ ʨʝʣʘʢʩʘʮʠʠ, ɋ ï ʘʪʦʤʥʳʡ ʦʙʲʝʤ. 

ʇʝʨʚʳʡ ʯʣʝʥ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʫʨʘʚʥʝʥʠʷ ʩʚʷʟʘʥ ʩ ʜʚʠʞʫʱʝʡ ʩʠʣʦʡ ʛʨʘʜʠʝʥʪʘ 
ʢʦʥʮʝʥʪʨʘʮʠʠ; ʚʪʦʨʦʡ ʯʣʝʥ ʦʙʫʩʣʦʚʣʝʥ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ, ʘ ʪʨʝʪʠʡ ʯʣʝʥ ʦʙʫʩʣʦʚʣʝʥ 
ʛʨʘʜʠʝʥʪʦʤ ʥʘʧʨʷʞʝʥʠʷ, ʚʳʟʚʘʥʥʳʤ ʩʢʦʧʣʝʥʠʝʤ ʚʘʢʘʥʩʠʡ. 

ɺʜʦʙʘʚʦʢ ʢ ʧʨʦʯʝʤʫ, ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʠʟʤʝʥʷʝʪ ʪʝʨʤʦʜʠʥʘʤʠʢʫ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 
[5] ʠ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʷ [6] ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ. ɺ ʠʟʤʝʥʝʥʠʝ ʩʚʦʙʦʜʥʦʡ 
ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʜʘʥʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʜʦʙʘʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ 
ʯʣʝʥ ʠʟ-ʟʘ ʠʟʤʝʥʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʦʢʘ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʟʘʨʦʜʳʰʘ. ʕʪʘ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ 
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ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ, ʚʳʟʚʘʥʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ, ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʬʝʥʦʤʝʥʫ 
ʘʥʦʤʘʣʴʥʦʛʦ ʧʝʨʝʥʘʩʳʱʝʥʠʷ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʣʝʢʪʨʦʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʙʳʣʦ ʠʟʛʦʪʦʚʣʝʥʦ ʦʙʦʨʫʜʦʚʘʥʠʝ, 
ʧʨʝʜʩʪʘʚʣʝʥʥʦʝ ʥʘ ʨʠʩ. 1. ʕʣʝʢʪʨʦʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʚʦʟʤʦʞʥʘ ʚ ʜʚʫʭ ʨʝʞʠʤʘʭ: 
ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ, ʧʝʨʝʤʝʥʥʳʡ ʪʦʢ. ʊʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʙʦʪʢʠ ʦʪ 200 oC ʜʦ 1000 oC.  

 

ʈʠʩ. 1. ʉʭʝʤʘ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʵʣʝʢʪʨʦʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʨʝʘʢʮʠʦʥʥʳʭ 
ʪʠʛʣʝʡ. (1) ɿʘʱʠʪʥʘʷ ʯʘʰʢʘ ʠʟ ʤʝʜʥʳʭ ʪʦʢʦʧʨʦʚʦʜʦʚ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ. (2) ʆʙʨʘʟʝʮ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ (ʪʠʛʝʣʴ). (3) ʊʝʨʤʦʧʘʨʘ. (4) ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʪʦʢʦʧʨʦʚʦʜʳ ʜʣʷ ʥʘʛʨʝʚʘʪʝʣʷ. 
(5) ɿʤʝʝʚʠʢ ʥʘʛʨʝʚʘʪʝʣʷ. (6) ʂʚʘʨʮʝʚʳʡ ʵʢʨʘʥ. 

ʇʨʠ ʧʦʤʦʱʠ ʩʦʙʨʘʥʥʦʛʦ ʠʤʝʥʥʦ ʪʘʢʠʤ ʦʙʨʘʟʦʤ (ʈʠʩ. 1) ʦʙʦʨʫʜʦʚʘʥʠʷ, ʥʘʤ ʫʜʘʣʦʩʴ 
ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʧʦʣʫʯʠʪʴ, ʠʩʧʦʣʴʟʫʷ ʨʘʟʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʦʙʨʘʟʮʳ 
ʩʠʩʪʝʤʳ FeïSn. ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 700 oC ʜʦ 850 oC. 
ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ, ʧʦʜʚʝʜʝʥʥʳʡ ʢ ʩʠʩʪʝʤʝ, ʫʩʢʦʨʷʝʪ ʧʨʦʮʝʩʩʳ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ, ʯʪʦ ʚʠʜʥʦ 
ʥʘ ʨʠʩ. 2. ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʜʫʢʪʘ ʚ ʩʣʫʯʘʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʨʘʩʧʨʝʜʝʣʝʥʦ ʝʜʠʥʳʤ 
ʬʨʦʥʪʦʤ, ʘ ʚ ʩʣʫʯʘʝ ʧʝʨʝʤʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ï ʬʨʦʥʪʦʚ ʜʚʘ. 

 
ʈʠʩ. 2. ʈʝʘʢʮʠʦʥʥʳʝ ʪʠʛʣʠ FeïSn ʧʦʩʣʝ 3-ʯʘʩʦʚʦʡ ʵʣʝʢʪʨʦʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʠ T = 800 ÁC: ʘ) 

ʙʝʟ ʪʦʢʘ, ʙ) ʨʝʞʠʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʚ) ʨʝʞʠʤ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ 

ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʨʝʘʢʮʠʦʥʥʳʭ ʪʠʛʣʝʡ ʥʘ ʨʠʩ. 3 ʤʦʞʥʦ ʩʜʝʣʘʪʴ 
ʩʣʝʜʫʶʱʠʡ ʚʳʚʦʜ: ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ ʟʘ 3 ʯʘʩʘ ʦʙʨʘʙʦʪʢʠ ʧʨʠ 800 oC ʫʚʝʣʠʯʠʚʘʝʪ ʢʦʣʠʯʝʩʪʚʦ 
ʬʘʟʳ Fe3Sn2 ʧʨʠ ʵʪʦʤ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʟʘʨʦʞʜʝʥʠʶ ʬʘʟ ʜʨʫʛʦʛʦ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ. ɺ ʩʚʦʶ 
ʦʯʝʨʝʜʴ, ʩʣʫʯʘʡ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʬʘʟ ʩʦʩʪʘʚʘ Fe3Sn2, Fe3Sn, Fe5Sn3, 
ʯʪʦ ʨʝʰʘʝʪ ʧʨʦʙʣʝʤʫ ʠʩʯʝʟʥʫʚʰʠʭ ʬʘʟ. 

 
ʈʠʩ. 3. ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʨʝʘʢʮʠʦʥʥʳʭ ʪʠʛʣʝʡ FeïSn ʧʦʩʣʝ 3-ʭ ʯʘʩʦʚʦʡ ʵʣʝʢʪʨʦʪʝʨʤʠʯʝʩʢʦʡ 
ʦʙʨʘʙʦʪʢʠ ʧʨʠ T = 800 oC: ʘ) ʙʝʟ ʪʦʢʘ, ʙ) ʨʝʞʠʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʚ) ʨʝʞʠʤ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ 
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ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʨʠʩ. 4. 
ɺ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʪʦʢʘ ʠ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʦʤʝʥʳ, ʢʦʪʦʨʳʝ ʦʪʥʦʩʷʪʩʷ ʢ 
ʬʘʟʝ Fe3Sn2, ʦʜʥʘʢʦ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʧʦʩʪʦʷʥʥʳʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ ʧʦʣʫʯʝʥʥʘʷ ʬʘʟʘ ʠʤʝʝʪ 
ʠʥʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ. ʇʦʵʪʦʤʫ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʠʟʫʯʝʥʠʝ 
ʩʪʨʫʢʪʫʨʳ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 5, ʦʥʦ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ 
ʩʣʫʯʘʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʬʘʟʘ ʩʦʩʪʘʚʘ Fe3Sn2 ʠʤʝʝʪ ʩʪʨʫʢʪʫʨʫ ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʷ Fe5Sn3. 

 
ʈʠʩ. 4. ʄʘʛʥʠʪʥʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʨʝʘʢʮʠʦʥʥʳʭ ʪʠʛʣʝʡ FeïSn ʧʦʩʣʝ 3-ʯʘʩʦʚʦʡ 

ʵʣʝʢʪʨʦʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʠ T = 800 oC: ʘ) ʙʝʟ ʪʦʢʘ, ʙ) ʨʝʞʠʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʚ) ʨʝʞʠʤ 
ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ 

 
ʈʠʩ. 5. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ, t = 3 ʯ, T = 800 oC, ʯʝʨʥʦʡ ʣʠʥʠʝʡ ʦʙʦʟʥʘʯʝʥ ʦʙʨʘʟʝʮ, ʧʦʣʫʯʝʥʥʳʡ 
ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʧʝʨʝʤʝʥʥʳʤ ʪʦʢʦʤ, ʢʨʘʩʥʦʡ ʣʠʥʠʝʡ ʦʙʦʟʥʘʯʝʥ ʦʙʨʘʟʝʮ, ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ 

ʧʦʩʪʦʷʥʥʳʤ ʪʦʢʦʤ 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʪʦʢ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ 
ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʩʢʦʨʦʩʪʴ ʧʨʦʮʝʩʩʦʚ. ɺ ʩʣʫʯʘʝ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ 
ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʜʫʢʪʘ ʦʜʥʦʛʦ ʩʦʩʪʘʚʘ, ʚʩʝ ʦʩʪʘʣʴʥʳʝ ʬʘʟʳ ʣʠʙʦ ʥʝʨʘʟʣʠʯʠʤʳ, 
ʣʠʙʦ ʥʝ ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʣʠʷʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʥʘ ʵʥʝʨʛʠʶ 
ɻʠʙʙʩʘ. ʇʝʨʝʤʝʥʥʳʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʩʨʝʟ ʬʘʟʦʚʦʡ 
ʜʠʘʛʨʘʤʤʳ. ʕʪʦ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʟʘ ʩʯʝʪ ʧʦʩʪʦʷʥʥʦʡ ʩʤʝʥʳ ʧʦʣʷʨʥʦʩʪʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 
ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʚʥʫʪʨʠ ʨʝʘʢʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʣʠʙʦ ʵʪʦ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ 
ʟʘ ʩʯʝʪ ʤʝʥʴʰʝʛʦ ʚʣʠʷʥʠʷ ʥʘ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ʩʠʩʪʝʤʳ. 
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ʀɿʋʏɽʅʀɽ ʇʈʆʎɽʉʉʆɺ ʌʆʈʄʀʈʆɺɸʅʀʗ 
ʇʆʃʋʇʈʆɺʆɼʅʀʂʆɺʓʍ [ZnS:Cu,ʆ]-ʉʊʈʋʂʊʋʈ ʄɽʊʆɼʆʄ 

ʂʀʉʃʆʊʅʆ-ʆʉʅʆɺʅʆʁ ʉʇɽʂʊʈʆʉʂʆʇʀʀ 
ʇʆɺɽʈʍʅʆʉʊʀ 

ɻʘʨʘʥʠʥʘ ɺ.ɸ. 

ʢ.ʭ.ʥ., ʥʘʯʘʣʴʥʠʢ ʦʪʜʝʣʘ ʩʙʦʨʘ ʠʥʬʦʨʤʘʮʠʠ,  
ʉʪʘʚʨʦʧʦʣʴʩʢʠʡ ʎʅʊʀ ï ʬʠʣʠʘʣ ʌɻɹʋ çʈʕɸè ʄʠʥʵʥʝʨʛʦ ʈʦʩʩʠʠ 

 
 

ɸʥʥʦʪʘʮʠʷ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʢʦʤʧʣʝʢʩʥʦʛʦ ʬʠʟʠʢʦ-
ʭʠʤʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ  ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ [ZnS:Cu,ʆ]-
ʩʪʨʫʢʪʫʨ. ʀʟʤʝʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʥʦʚʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ 
ʤʝʪʦʜʦʤ ʢʠʩʣʦʪʥʦ-ʦʩʥʦʚʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʚʝʨʭʥʦʩʪʠ (ʂʆʉʇ). ʋʩʪʘʥʦʚʣʝʥʦ ʫʨʘʚʥʝʥʠʝ 
ʢʦʨʨʝʣʷʮʠʠ ( )-+ += hhs crqg  ʤʝʞʜʫ ʢʠʩʣʦʪʥʦ-ʦʩʥʦʚʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʦʙʲʝʤʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ -
uɽ  (ʠʣʠ +

uE ), ʛʜʝ g-ʢʨʠʪʝʨʠʡ (gʢʨ) – ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: [ZnS:Cu,O]-ʩʪʨʫʢʪʫʨʳ, ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʘʜʩʦʨʙʮʠʷ, ʦʙʲʝʤʥʳʝ ʩʚʦʡʩʪʚʘ, 
ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ 

 

THE RESEARCH OF FORMATION PROCESS OF SEMI-
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Abstract. In the present work the results of complex physics-chemical investigation are in a very 
good correlation. Acidity study was carried out by adsorption indicator method. The change in 
acidity of surface of semi-conductor [ZnS:Cu,O]-structures were detected by Acid-Base Surface 
Spectrum method. In this investigation the correlation equation ( )-+ += hhs crqg  between surface 

acidity and volume properties -
uɽ  (or +

uE ) is established. The g-criterion (gcr) is the coefficient of 

correlation. 

Key words: [ZnS:Cu,O]-structures, semi-conductor, adsorption, volume properties, coefficient of 
correlation  

 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʠʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ 
ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ [ZnS:Cu,ʆ]-ʩʪʨʫʢʪʫʨ ʤʝʪʦʜʦʤ ʢʠʩʣʦʪʥʦ-ʦʩʥʦʚʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 
ʧʦʚʝʨʭʥʦʩʪʠ [1]. ʇʦʣʫʯʝʥʳ ʢʠʩʣʦʪʥʦ-ʦʩʥʦʚʥʳʝ ʩʧʝʢʪʨʳ ʧʦʚʝʨʭʥʦʩʪʠ (ʂʆʉʇ), ʢʦʪʦʨʳʝ 
ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʘʜʩʦʨʙʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ 
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[ZnS:Cu], [ZnS:Cu,O] ʚ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ʘʨʂ  ʦʪ 3,1+  ʜʦ 1,11+ . ʂʆʉʇ ʠʩʩʣʝʜʫʝʤʳʭ 

ʦʙʨʘʟʮʦʚ ʚ ʦʩʥʦʚʥʦʡ ʦʙʣʘʩʪʠ ʩ 1,11+=ʘʨʂ  ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 1.  

 

ʈʠʩ. 1. ʂʆʉʇ ʧʨʠ ʨʂʘ=+11,1, ʛʜʝ: 
1– [ZnS:Cu], ʧʨʠʛʦʪʦʚʣʝʥʥʳʡ ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ ʤʝʪʦʜʠʢʝ; 2– [ZnS:Cu,O], ʧʨʠʛʦʪʦʚʣʝʥʥʳʡ ʧʦ 
ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʡ ʤʝʪʦʜʠʢʝ ʩ ʨʝʘʛʝʥʪʦʤ KClO4; 3– [ZnS:Cu,O], ʧʨʠʛʦʪʦʚʣʝʥʥʳʡ ʧʦ 
ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʡ ʤʝʪʦʜʠʢʝ ʩ ʨʝʘʛʝʥʪʦʤ NH4NO3; 4– [ZnS:Cu,O], ʧʨʠʛʦʪʦʚʣʝʥʥʳʡ ʧʦ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʡ ʤʝʪʦʜʠʢʝ ʩ ʨʝʘʛʝʥʪʦʤ KClO4+NH4NO3; 5– [ZnS:Cu,O], 
ʧʨʠʛʦʪʦʚʣʝʥʥʳʡ ʧʦ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʡ ʤʝʪʦʜʠʢʝ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ Sr2+/Ba2+=1/4. 

 
ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʥʦʚʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʤʦʞʥʦ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʤʝʪʦʜʦʤ ʂʆʉʇ. ʂʦʨʨʝʣʷʮʠʶ ʤʝʞʜʫ ʢʠʩʣʦʪʥʦ-ʦʩʥʦʚʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ 
ʧʦʚʝʨʭʥʦʩʪʠ -

Sɽ  (ʠʣʠ +
Sɽ ) ʠ ʚʝʣʠʯʠʥʦʡ -

uɽ  (ʠʣʠ +
uE ),  ʦʧʨʝʜʝʣʷʶʱʝʡ ʦʙʲʝʤʥʳʝ ʩʚʦʡʩʪʚʘ 

ʢʨʠʩʪʘʣʣʘ, ʫʩʪʘʥʘʚʣʠʚʘʶʪ ʧʦ ʫʨʘʚʥʝʥʠʶ [1]: 

( )-+ += hhs ʢʨqg ,  

ʛʜʝ: g-ʢʨʠʪʝʨʠʡ (gʢʨ) ï ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʘʜʩʦʨʙʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ 
ʧʦʚʝʨʭʥʦʩʪʠ (ʢʠʩʣʦʪʥʦ-ʦʩʥʦʚʥʳʤʠ ʮʝʥʪʨʘʤʠ) ʠ ʦʙʲʝʤʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ: 

1. ɻʘʨʘʥʠʥʘ ɺ.ɸ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʳʭ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʠ 
ʧʦʨʦʰʢʦʚʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʠʜʘ ʮʠʥʢʘ. ï Saarbr¿ckern, 
Germany.:  ʀʟʜʘʪʝʣʴʩʢʠʡ ɼʦʤ LAP LAMBERT Academic Publishing, 17.07.2017. ï  60 ʩ. ISBN-
13: 978-3-330-34352-8. ISBN-10: 3330343528. EAN: 9783330343528. 
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ʈɸɿɺʀʊʀɽ ʆɹʆʉʅʆɺɸʅʀʗ ʉʇʆʅʊɸʅʅʆʁ ʉʇʀʅʆɺʆʁ  

ʇʆʃʗʈʀɿɸʎʀʀ ɻʀɹʈʀɼʀɿʀʈʆɺɸʅʅʆʁ ʕʃɽʂʊʈʆʅʅʆʁ 

ʉʀʉʊɽʄʓ ʇʈʀʄɽʉʅʓʍ ɼʆʅʆʈʅʓʍ ɸʊʆʄʆɺ  

3D-ʕʃɽʄɽʅʊʆɺ ʅʀɿʂʆʁ ʂʆʅʎɽʅʊʈɸʎʀʀ (<1 ɸʊ.%) 

ɺ ɹɽʉʑɽʃɽɺʆʄ ʇʆʃʋʇʈʆɺʆɼʅʀʂɽ 
ʆʢʫʣʦʚ ɺ.ʀ. 

ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʛʣʘʚʥʳʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ,  
ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʝʪʘʣʣʦʚ ʠʤ. ʄ.ʅ. ʄʠʭʝʝʚʘ ʋʨʆ ʈɸʅ  

ɻʦʚʦʨʢʦʚʘ ʊ.ɽ. 

ʢ.ʬ.-ʤ.ʥ., ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ,  
ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʝʪʘʣʣʦʚ ʠʤ. ʄ.ʅ. ʄʠʭʝʝʚʘ ʋʨʆ ʈɸʅ  

 

ɸʥʥʦʪʘʮʠʷ. ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʦʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ 
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʦʩʦʙʦʛʦ ʪʠʧʘ ʩʧʦʥʪʘʥʥʦʡ ʩʧʠʥʦʚʦʡ 
ʧʦʣʷʨʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ 3d-ʧʝʨʝʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʠʟʢʦʡ 
ʢʦʥʮʝʥʪʨʘʮʠʠ (< 1at.%) ʚ ʢʨʠʩʪʘʣʣʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʥʘ ʧʨʠʤʝʨʝ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ 
ʧʨʠʤʝʩʝʡ ʞʝʣʝʟʘ ʠ ʢʦʙʘʣʴʪʘ ʚ ʙʝʩʱʝʣʝʚʦʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ - ʩʝʣʝʥʠʜʝ ʨʪʫʪʠ. ɼʣʷ ʠʟʫʯʝʥʠʷ 
ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʧʦʥʪʘʥʥʦʛʦ ʤʘʛʥʝʪʠʟʤʘ 
ʜʘʥʥʳʭ ʩʠʩʪʝʤ ʧʨʦʚʝʜʝʥʦ ʧʨʝʮʠʟʠʦʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʠʟʤʝʥʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
ʩ ʚʦʟʨʘʩʪʘʥʠʝʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ 
ʧʦʣʫʯʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʦʙʥʘʨʫʞʝʥʳ ʚʢʣʘʜʳ ʩʧʦʥʪʘʥʥʦʛʦ ʤʘʛʥʝʪʠʟʤʘ ʦʙʝʠʭ ʧʨʠʤʝʩʥʳʭ 
ʩʠʩʪʝʤ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʢʨʠʚʳʤʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʪʠʧʠʯʥʳʤʠ ʜʣʷ 
ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʘʢʞʝ ʦʪʚʝʯʘʶʪ ʥʘʣʠʯʠʶ 
ʩʧʦʥʪʘʥʥʦʛʦ ʤʘʛʥʝʪʠʟʤʘ ʠʩʩʣʝʜʫʝʤʳʭ ʩʠʩʪʝʤ, ʧʨʠʨʦʜʘ ʢʦʪʦʨʦʛʦ ʦʙʲʷʩʥʷʝʪʩʷ ʨʘʥʝʝ 
ʠʟʫʯʝʥʥʳʤ ʧʨʦʷʚʣʝʥʠʝʤ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʫʩʣʦʚʠʷʭ ʛʠʙʨʠʜʠʟʘʮʠʠ 
ʩʦʩʪʦʷʥʠʡ ʧʨʠʤʝʩʥʦʛʦ ʘʪʦʤʘ ʠ ʧʦʣʦʩʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʨʠʩʪʘʣʣʘ. ɺ ʠʪʦʛʝ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ 
ʨʝʟʫʣʴʪʘʪʳ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʩʫʱʝʩʪʚʝʥʥʳʤ ʜʦʩʪʠʞʝʥʠʝʤ ʚ ʧʦʣʥʦʤ ʦʙʦʩʥʦʚʘʥʠʠ 
ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʧʦʥʪʘʥʥʦʡ ʩʧʠʥʦʚʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʤʝʩʥʳʭ ʩʠʩʪʝʤ 
ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: 3d-ʧʨʠʤʝʩʠ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʙʝʩʱʝʣʝʚʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ, 
ʛʠʙʨʠʜʠʟʠʨʦʚʘʥʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʩʧʦʥʪʘʥʥʘʷ ʩʧʠʥʦʚʘʷ ʧʦʣʷʨʠʟʘʮʠʷ, 
ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʤʘʛʥʝʪʠʟʤ  
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Abstract. The given report presents new results of the experimental evidence for existing the 
special type of spontaneous spin polarization, taking place in the electronic system of the 3d 
transition element impurity atoms of the low concentration (<1 at.%) in semiconductor crystal, 
using as the object of study the electronic systems of iron and cobalt impurities in gapless 
semiconductor - mercury selenide. In order to investigate the fundamental laws of low-temperature 
spontaneous magnetism of the systems under study, there was carried out a precision observation 
of the process of changing the magnetization with increasing magnetic field strength. As a result of 
a detailed analysis of the dependences obtained there was revealed the contribution of the 
spontaneous magnetism of the electron impurity system, which is characterized by the 
magnetization curves inherent in ferromagnets. The obtained values of the magnetic parameters 
also conform to the presence of the spontaneous magnetism of the systems under study, the nature 
of which is explained by manifesting the exchange interaction of electrons in the hybridized states 
of the impurity atom with the conduction band electrons of the crystal. It is therefore concluded 
that the presented results can be considered as significant achievement on the way to complete 
solution of the problem of existing the spontaneous spin magnetization in the low-concentration 
electron systems.  

Keywords: 3d-impurities of low concentration, gapless semiconductors, hybridized electronic 
states, spontaneous spin polarization, low-temperature magnetism 

 

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʠʩʪʝʤʳ ʜʦʥʦʨʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʞʝʣʝʟʘ ʠ ʢʦʙʘʣʴʪʘ 
ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ (<1 at.%) ʚ ʢʨʠʩʪʘʣʣʝ ʙʝʩʱʝʣʝʚʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ï ʩʝʣʝʥʠʜʘ ʨʪʫʪʠ, 
ʚʳʧʦʣʥʝʥʥʳʝ ʩ ʮʝʣʴʶ ʧʨʷʤʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʠ 
ʥʘʙʣʶʜʝʥʠʷ ʧʨʦʷʚʣʝʥʠʡ ʩʧʦʥʪʘʥʥʦʛʦ ʩʧʠʥʦʚʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʫʧʦʤʷʥʫʪʦʡ 
ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ.  

ʀʟʫʯʝʥʥʳʝ ʨʘʥʝʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʙʦʩʥʦʚʘʥʠʷ ʜʦʩʪʠʞʠʤʦʩʪʠ ʵʬʬʝʢʪʘ ʩʧʦʥʪʘʥʥʦʡ 
ʩʧʠʥʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʩʠʩʪʝʤʝ ʜʘʥʥʦʛʦ ʪʠʧʘ ʙʳʣʠ ʨʘʟʚʠʪʳ ʚ ʭʦʜʝ ʨʘʟʨʘʙʦʪʢʠ 
ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʷʚʣʝʥʠʷ ʛʠʙʨʠʜʠʟʘʮʠʠ ʩʦʩʪʦʷʥʠʡ ʜʦʥʦʨʥʳʭ 3d-ʵʣʝʢʪʨʦʥʦʚ 
ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʩ ʩʦʩʪʦʷʥʠʷʤʠ ʧʦʣʦʩʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʨʠʩʪʘʣʣʘ ʠ ʦʙʨʘʟʦʚʘʥʠʠ ʧʨʠ ʵʪʦʤ 
ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʧʦ ʩʧʠʥʫ ʩʠʩʪʝʤʳ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʉʦʜʝʨʞʘʥʠʝ ʧʨʠʤʝʩʝʡ 
ʧʝʨʝʭʦʜʥʦʛʦ ʵʣʝʤʝʥʪʘ ʢʨʘʡʥʝ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʢʨʠʩʪʘʣʣʝ ʚʳʜʝʣʷʝʪ ʚ ʦʩʦʙʳʡ ʢʣʘʩʩ 
ʦʙʦʟʥʘʯʝʥʥʳʝ ʦʙʲʝʢʪʳ ʚ ʦʙʣʘʩʪʠ ʠʟʫʯʝʥʠʷ ʧʨʠʤʝʩʥʦʛʦ ʤʘʛʥʝʪʠʟʤʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ. 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʚ ʦʩʥʦʚʥʦʤ ʥʘ ʨʝʘʣʠʟʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ 
ʫʧʦʨʷʜʦʯʝʥʠʷ ʣʠʰʴ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 3d-ʧʨʠʤʝʩʝʡ (5-10 at.%) ʠ 
ʦʩʥʦʚʘʥʳ ʥʘ ʪʦʤ, ʯʪʦ ʩʧʦʥʪʘʥʥʘʷ ʩʧʠʥʦʚʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʧʨʠʤʝʩʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ 
ʚʦʟʥʠʢʘʝʪ ʙʣʘʛʦʜʘʨʷ ʤʝʞʧʨʠʤʝʩʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ [1]. ʆʜʥʘʢʦ ʚ ʧʨʝʜʝʣʝ ʥʠʟʢʦʡ 
ʢʦʥʮʝʥʪʨʘʮʠʠ 3d-ʧʨʠʤʝʩʝʡ (<1 at.%) ʚʦʟʤʦʞʥʘ ʩʠʪʫʘʮʠʷ, ʧʨʠ ʢʦʪʦʨʦʡ ʠʦʥʥʳʝ ʦʩʪʦʚʳ 
ʩʣʠʰʢʦʤ ʨʘʟʨʝʞʝʥʳ ʜʣʷ ʫʧʦʨʷʜʦʯʝʥʠʷ ʠ ʧʨʠ ʵʪʦʤ ʥʝ ʦʛʨʘʥʠʯʠʚʘʶʪ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʘ 
ʜʦʥʦʨʥʳʝ ʵʣʝʢʪʨʦʥʳ ʢʦʣʣʝʢʪʠʚʠʟʠʨʫʶʪʩʷ ʚ ʧʦʣʦʩʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʨʠʩʪʘʣʣʘ, ʬʦʨʤʠʨʫʷ 
ʝʜʠʥʫʶ ʩʠʩʪʝʤʫ, ʢʦʪʦʨʘʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʴʥʦʛʦ ʤʝʞʵʣʝʢʪʨʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 
ʟʘʚʠʩʷʱʝʛʦ ʦʪ ʩʧʠʥʘ, ʦʙʣʘʜʘʝʪ ʩʧʦʥʪʘʥʥʦʡ ʩʧʠʥʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ. ɼʘʥʥʳʡ ʢʣʘʩʩ ʦʙʲʝʢʪʦʚ 
ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʢʘʢ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʪʘʢ ʠ ʜʣʷ ʚʦʟʤʦʞʥʳʭ 
ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ.  

ʈʘʥʝʝ ʥʘ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 
ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʘʣʴʚʘʥʦʤʘʛʥʠʪʥʳʭ ʷʚʣʝʥʠʡ ʜʝʪʘʣʴʥʦ ʠʟʫʯʝʥ ʘʥʦʤʘʣʴʥʳʡ ʚʢʣʘʜ ʚ ʭʦʣʣʦʚʩʢʦʝ 

ǔǓǓǓ-2021 1-30 ǘǬǱǽǯȆ 1. ǔǵǩȂǬ ǳǧǪǴǯǹǴȂǬ ǳǧǹǬǷǯǧǲȂ...



ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʨʠʩʪʘʣʣʘ HgSe ʩ ʧʨʠʤʝʩʷʤʠ ʞʝʣʝʟʘ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 
ʟʘʚʠʩʠʤʦʩʪʴ ʘʥʦʤʘʣʴʥʦʡ ʯʘʩʪʠ ʭʦʣʣʦʚʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ ʠʤʝʝʪ ʚʠʜ ʢʨʠʚʳʭ ʩ ʥʘʩʳʱʝʥʠʝʤ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʳʭ 
ʩʪʨʫʢʪʫʨ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʧʨʝʜʩʪʘʚʠʣ ʧʝʨʚʦʝ ʩʚʠʜʝʪʝʣʴʩʪʚʦ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʧʦʥʪʘʥʥʦʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʠʟʢʦʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʧʨʠʤʝʩʥʳʭ ʩʠʩʪʝʤ [2]. ʇʨʠ ʠʟʫʯʝʥʠʠ ʧʨʠʤʝʩʥʳʭ 
ʚʢʣʘʜʦʚ ʚ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʠ ʪʝʧʣʦʝʤʢʦʩʪʴ ʢʨʠʩʪʘʣʣʘ ʩʝʣʝʥʠʜʘ ʨʪʫʪʠ ʩ 3d-ʧʨʠʤʝʩʷʤʠ 
ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʙʥʘʨʫʞʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʷʚʣʷʝʪʩʷ ʦʙʤʝʥʥʦʝ 
ʤʝʞʵʣʝʢʪʨʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠʤʝʩʥʦʛʦ 
ʚʢʣʘʜʘ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʢʩʠʤʫʤ, ʬʦʨʤʘ ʢʦʪʦʨʦʛʦ ʟʘʚʠʩʠʪ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 
ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʅʘʙʣʶʜʘʝʤʘʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʚʝʯʘʝʪ ʪʘʢʦʤʫ 
ʟʥʘʯʝʥʠʶ ʢʦʥʩʪʘʥʪʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʪʦʨʦʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ ʩʧʦʥʪʘʥʥʦʡ 
ʩʧʠʥʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠʩʩʣʝʜʫʝʤʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ [3]. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 
ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ 3d-ʧʨʠʤʝʩʝʡ 
ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʩʝʣʝʥʠʜʝ ʨʪʫʪʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʧʘʨʘʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 
ʩʦʜʝʨʞʠʪʩʷ ʥʝ ʟʘʚʠʩʷʱʠʡ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚʢʣʘʜ, ʢʦʪʦʨʳʡ ʩʚʷʟʘʥ ʩ ʥʘʣʠʯʠʝʤ ʩʧʦʥʪʘʥʥʦʡ 
ʧʦʣʷʨʠʟʘʮʠʠ, ʠ ʦʧʨʝʜʝʣʝʥʘ ʩʪʝʧʝʥʴ ʧʦʣʷʨʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ 
ʢʦʤʧʦʥʝʥʪʝ ʛʠʙʨʠʜʠʟʠʨʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʜʣʷ ʢʘʞʜʦʡ ʧʨʠʤʝʩʠ (Fe, Co, Ni) [4]. ʊʘʢʠʤ 
ʦʙʨʘʟʦʤ, ʠʤʝʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ ʦʙʲʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦʙ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤʘʭ 
3d-ʧʨʠʤʝʩʝʡ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʦʙʣʘʜʘʶʱʠʭ ʩʧʦʥʪʘʥʥʦʡ ʩʧʠʥʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ, ʥʝ 
ʩʚʷʟʘʥʥʦʡ ʩ ʤʝʞʧʨʠʤʝʩʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ.  

ɺ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ʩʧʦʥʪʘʥʥʦʛʦ ʤʘʛʥʝʪʠʟʤʘ ʫʩʪʘʥʦʚʣʝʥʳ ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 
ʦ ʤʘʛʥʠʪʦʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʚ ʧʦʣʥʦʡ 
ʤʝʨʝ ʧʦʢʘʟʘʪʴ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʠʟʫʯʘʝʤʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ ʢ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʳʤ, ʚ 
ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʦ ʜʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʦʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʠʭ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʪ ʥʝʦʙʭʦʜʠʤʳʝ ʧʨʠʟʥʘʢʠ ʩʧʠʥʦʚʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 
ʫʧʦʨʷʜʦʯʝʥʠʷ. ɹʳʣʘ ʚʳʜʝʣʝʥʘ ʛʨʫʧʧʘ ʩʠʩʪʝʤ ʩ ʪʘʢʠʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ 3d-ʧʨʠʤʝʩʝʡ, ʚ 
ʢʦʪʦʨʳʭ ʠʟʫʯʘʝʤʳʝ ʵʬʬʝʢʪʳ ʩʧʠʥʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʧʨʦʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʦ. 
ɺʳʙʨʘʥʳ ʵʣʝʢʪʨʦʥʥʳʝ ʩʠʩʪʝʤʳ ʧʨʠʤʝʩʝʡ ʞʝʣʝʟʘ ʠ ʢʦʙʘʣʴʪʘ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ (< 1at.%) ʚ 
ʢʨʠʩʪʘʣʣʘʭ ʩʝʣʝʥʠʜʘ ʨʪʫʪʠ, ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʠ ʢʠʥʝʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʳʭ 
ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʨʘʥʝʝ [2-4]. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʝʜʝʥʳ ʥʘ ʜʚʫʭ ʦʙʨʘʟʮʘʭ ʩ 
ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʧʨʠʤʝʩʝʡ ʞʝʣʝʟʘ NFe=7Ŀ1018 ʩʤ-3 ʠ ʢʦʙʘʣʴʪʘ NCo=2.5Ŀ1018 ʩʤ-3. 
ʄʦʥʦʢʨʠʩʪʘʣʣʳ HgSe ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʤʝʪʦʜʦʤ ɹʨʠʜʞʤʝʥʘ ʚ ʏʝʨʥʦʚʠʮʢʦʤ ʥʘʮʠʦʥʘʣʴʥʦʤ 
ʫʥʠʚʝʨʩʠʪʝʪʝ (ʛʨʫʧʧʘ ʃ.ɼ. ʇʘʨʘʥʯʠʯ). ʂʦʥʮʝʥʪʨʘʮʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʨʠʤʝʩʝʡ ʧʦ ʦʙʲʝʤʫ 
ʩʣʠʪʢʦʚ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ. ʆʙʨʘʟʮʳ ʠʤʝʣʠ ʬʦʨʤʫ 
ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ ʩ ʨʘʟʤʝʨʘʤʠ 1³2³8 ʤʤ3. ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʛʦ 
ʤʦʤʝʥʪʘ ʧʨʦʚʝʜʝʥʳ ʥʘ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʝ MPMS-5-XL (Quantum Design Co.) ʧʨʠ T=5 K ʚ 
ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʦ 50 kOe (ʚ ʨʝʞʠʤʝ FC). ʀʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʎʂʇ çʀʩʧʳʪʘʪʝʣʴʥʳʡ 
ʮʝʥʪʨ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚè ʀʌʄ ʋʨʆ ʈɸʅ ɸ.ʌ. ɻʫʙʢʠʥʳʤ. 

ɺ ʥʘʙʣʶʜʘʝʤʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ Mexp(H) ʩʦʜʝʨʞʘʪʩʷ ʣʠʥʝʡʥʳʝ ʚʢʣʘʜʳ 
ɢdH ʜʠʘʤʘʛʥʝʪʠʟʤʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ HgSe ʠ ʠʩʩʣʝʜʫʝʤʳʝ ʧʨʠʤʝʩʥʳʝ ʚʢʣʘʜʳ M0(H), 
ʚʳʭʦʜʷʱʠʝ ʥʘ ʥʘʩʳʱʝʥʠʝ ʩ ʨʦʩʪʦʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʨʠʩ.1). ɼʠʘʤʘʛʥʠʪʥʳʡ 
ʚʢʣʘʜ ʦʧʨʝʜʝʣʷʣʩʷ ʧʦ ʘʩʠʤʧʪʦʪʠʢʝ ʟʘʚʠʩʠʤʦʩʪʠ Mexp(H) ʚ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ. 
ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʨʠʤʝʩʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ M0(H) ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʥʦʩʪʴʶ: Mexp(H)-
ɢdH. ʇʦʣʫʯʝʥʥʘʷ ʚʝʣʠʯʠʥʘ ʜʠʘʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʙʣʠʟʢʘ ʢ ʠʟʚʝʩʪʥʦʤʫ ʟʥʘʯʝʥʠʶ 
ʜʣʷ ʥʝʣʝʛʠʨʦʚʘʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ HgSe [5]. 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M0(H) 
ʩʚʦʜʠʪʩʷ ʢ ʦʙʩʫʞʜʝʥʠʶ ʟʥʘʯʝʥʠʡ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʩʨʘʚʥʝʥʠʶ ʠʭ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, 
ʦʪʥʦʩʷʱʠʤʠʩʷ ʢ ʩʠʩʪʝʤʝ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩʧʠʥʦʚ. ʇʨʝʞʜʝ ʚʩʝʛʦ, ʵʪʦ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 
ʥʘʩʳʱʝʥʠʷ Ms ʠ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʥʘʩʳʱʝʥʠʷ ɛs, ʧʨʠʭʦʜʷʱʠʡʩʷ ʥʘ ʦʜʠʥ ʵʣʝʢʪʨʦʥ. 
ʇʦʣʫʯʝʥʥʳʝ ʚʝʣʠʯʠʥʳ ʜʣʷ ʩʠʩʪʝʤʳ ʩ ʧʨʠʤʝʩʷʤʠ ʞʝʣʝʟʘ (NFe=7Ŀ1018 ʩʤ-3): ɛs=2.1 ɛB, 
ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʟʥʘʯʝʥʠʶ Ms=1.8Ŀ10-2 emu/g, ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ ʤʘʛʥʝʪʦʥ ɹʦʨʘ, 
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ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʥʘʩʳʱʝʥʠʝ ʩʠʩʪʝʤʳ 
ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. ʄʘʛʥʠʪʥʳʝ ʧʘʨʘ-
ʤʝʪʨʳ ʜʣʷ ʩʠʩʪʝʤʳ ʩ ʧʨʠʤʝʩʷʤʠ Co 
(NCo=2.5Ŀ1018 ʩʤ-3): ɛs=1.5 ɛB, ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʱʠʡ ʟʥʘʯʝʥʠʶ Ms=5Ŀ10-3 emu/g. ɼʨʫ-
ʛʠʤ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʠʩʩʣʝʜʫʝʤʦʡ ʢʨʠ-
ʚʦʡ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ M0(H) ʷʚʣʷʝʪʩʷ ʧʦʣʝ 
ʥʘʩʳʱʝʥʠʷ - Hs. ʕʪʘ ʚʝʣʠʯʠʥʘ ʦʢʘʟʘʣʘʩʴ 
ʙʣʠʟʢʦʡ ʢ 40 kOe ʜʣʷ ʦʙʝʠʭ ʧʨʠʤʝʩʥʳʭ 
ʩʠʩʪʝʤ (Fe, Co), ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʩʠʩʪʝʤʳ 
ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚʝʣʠʯʠʥʘ Hs ʧʨʠ 
ʪʘʢʠʭ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (T=5 K) ʠʤʝʝʪ 
ʧʦʨʷʜʦʢ ʚʝʣʠʯʠʥʳ ~100 kOe.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʝ ʢʨʠʚʳʝ ʥʘʤʘʛʥʠ-
ʯʠʚʘʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʧʨʠʤʝʩʥʳʭ ʩʠʩʪʝʤ 
(ʞʝʣʝʟʘ ʠ ʢʦʙʘʣʴʪʘ) ʠʤʝʶʪ ʧʘʨʘʤʝʪʨʳ, 
ʦʪʚʝʯʘʶʱʠʝ ʩʠʣʴʥʦʤʫ ʚʣʠʷʥʠʶ ʤʝʞʵʣʝʢ-
ʪʨʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʟʘʚʠʩʷʱʝʛʦ ʦʪ 
ʩʧʠʥʘ, ʠ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪʚʝʯʘʶʪ ʧʨʷʤʦʤʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʧʦʜʪʚʝʨʞʜʝʥʠʶ 
ʦʩʦʙʦʡ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʩʧʦʥʪʘʥʥʦʡ ʩʧʠʥʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ, 
ʚʦʟʥʠʢʘʶʱʝʛʦ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʝ 3d-ʧʨʠʤʝʩʝʡ ʚ ʧʨʝʜʝʣʝ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ (<1 at.%). 
ʕʪʦ ʷʚʣʝʥʠʝ ʥʝ ʩʚʷʟʘʥʦ ʩ ʤʝʞʧʨʠʤʝʩʥʳʤ ʚʣʠʷʥʠʝʤ, ʘ ʚʦʟʥʠʢʘʝʪ ʙʣʘʛʦʜʘʨʷ ʵʬʬʝʢʪʫ 
ʛʠʙʨʠʜʠʟʘʮʠʠ ʧʨʠʤʝʩʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʧʦʣʦʩʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʨʠʩʪʘʣʣʘ. 
ʇʨʝʜʩʪʘʚʣʷʝʤʳʡ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʤʦʞʝʪ ʜʝʡʩʪʚʦʚʘʪʴ ʚ 
ʟʥʘʯʠʪʝʣʴʥʦʤ ʢʨʫʛʝ ʦʙʲʝʢʪʦʚ, ʚʢʣʶʯʘʷ ʥʠʟʢʦʨʘʟʤʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʧʦ ʪʝʤʝ çʕʣʝʢʪʨʦʥè ˉ ɸɸɸɸ-
ɸ18-118020190098-5.  
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ʋɼʂ 537.622.5 

ʅɽʂʆʃʃʀʅɽɸʈʅʓɽ ʄɸɻʅʀʊʅʓɽ ʉʊʈʋʂʊʋʈʓ ʄɸʅɻɸ-
ʅʀʊʆɺ ʃɸʅʊɸʅɸ ʀ ɺʀʉʄʋʊɸ  

ɻʦʥʯʘʨʴ ʃ.ʕ.1, 2 

ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ 
1ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʧʫʪʝʡ ʩʦʦʙʱʝʥʠʷ (ʜʦʮʝʥʪ) 

2ʋʨʘʣʴʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʧʝʨʚʦʛʦ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʠ ɹ.ʅ. ɽʣʴʮʠʥʘ 
(ʵʣʝʢʪʨʦʥʠʢ) 

 
ɸʥʥʦʪʘʮʠʷ. ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ ʥʝʢʦʣʣʠʥʝʘʨʥʳʭ ʤʘʛ-

ʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʟʘʨʷʜʦʚʦʫʧʦʨʷʜʦʯʝʥʥʳʭ ʤʘʥʛʘʥʠʪʦʚ. ʈʘʩʩʤʦʪʨʝʥʳ ʧʨʠʯʠʥʳ ʦʙʨʘʟʦʚʘʥʠʷ 
ʩʢʦʰʝʥʥʳʭ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʩʪʨʫʢʪʫʨ, ʩʚʷʟʘʥʥʳʭ ʩ ʢʦʥʢʫʨʝʥʮʠʝʡ ʦʨʙʠʪʘʣʴʥʦ-ʟʘʚʠʩʠʤʦʛʦ 
ʦʙʤʝʥʘ ʚ ʨʘʟʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʠ ʚʣʠʷʥʠʝʤ ʦʜʥʦʠʦʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 
ʇʦʢʘʟʘʥ ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʢʚʘʟʠ-ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ. 

 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʬʬʝʢʪ ʗʥʘ-ʊʝʣʣʝʨʘ, ʦʨʙʠʪʘʣʴʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ, ʤʥʦʛʦʧʦʜʨʝʰʝ-

ʪʦʯʥʘʷ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ 
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cal orderings of charge-ordered manganites. The causes of canted and orthogonal orderings of 
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superexchange interaction and single-ion anisotropy. The mechanism of quasi-low-dimensional 
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ʂʨʠʩʪʘʣʣʳ ʤʘʥʛʘʥʠʪʦʚ ʠʩʩʣʝʜʫʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʢʘʢ ʚʝʱʝʩʪʚʘ, ʦʙʣʘʜʘʶʱʠʝ ʩʚʦʡʩʪʚʘʤʠ 

ʢʦʣʦʩʩʘʣʴʥʦʛʦ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ. ʕʪʠ ʢʨʠʩʪʘʣʣʳ ʦʙʣʘʜʘʶʪ ʦʙʰʠʨʥʳʤ ʥʘʙʦʨʦʤ 

ʩʚʦʡʩʪʚ, ʩʚʷʟʘʥʥʳʭ ʩʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ, ʟʘʨʷʜʦʚʦʡ, ʦʨʙʠʪʘʣʴʥʦʡ ʠ ʤʘʛʥʠʪ-

ʥʦʡ ʧʦʜʩʠʩʪʝʤ [1, 2]. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʘʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ, 

ʢʘʢ ʩʢʦʰʝʥʥʳʝ ʥʝʢʦʣʣʠʥʝʘʨʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʫʧʦʨʷʜʦʯʝʥʠʷ ʩ ʢʦʥʢʫʨʝʥʮʠʝʡ ʦʙʤʝʥʥʳʭ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʡ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʬʨʫʩʪʨʠʨʦʚʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ), ʥʠʟʢʦʨʘʟʤʝʨʥʳʝ ʠ ʢʚʘʟʠ-

ʥʠʟʢʦʨʘʟʤʝʨʥʳʝ ʫʧʦʨʷʜʦʯʝʥʠʷ, ʩʦʯʝʪʘʥʠʷ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ ʩʦ ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ 

(ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ) [2]. ʀʟʫʯʝʥʠʝ ʨʝʛʫʣʷʨʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʦʟʚʦʣʷʝʪ ʚʳʷʚʠʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʩʘʤʠʤ ʚʝʱʝʩʪʚʦʤ, ʘ ʥʝ ʩ ʚʦʟʤʫʱʝʥʠʷʤʠ ʬʦʨʤʳ ʠʣʠ ʩʦʩʪʘʚʘ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩ-
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ʩʣʝʜʦʚʘʥʠʷ ʵʪʠʭ ʩʚʦʡʩʪʚ ʦʙʫʩʣʦʚʣʝʥʘ ʥʝ ʪʦʣʴʢʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʠʥʪʝʨʝʩʦʤ, ʥʦ ʠ ʚʦʟʤʦʞ-

ʥʳʤ ʧʨʘʢʪʠʯʝʩʢʠʤ ʧʨʠʤʝʥʝʥʠʝʤ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʦʝʜʠʥʝʥʠʷ R1-xAxMnO3 (R
3+=La, Bi; A2+=Ca, x=1/2, 

2/3, 4/5), ʚ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʶʪʩʷ ʥʝʢʦʣʣʠʥʝʘʨʥʳʝ ʠ ʬʨʫʩʪʨʠʨʦʚʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʧʨʝʜʧʦʣʘ-

ʛʘʶʪʩʷ ʢʚʘʟʠ-ʥʠʟʢʦʨʘʟʤʝʨʥʳʝ ʫʧʦʨʷʜʦʯʝʥʠʷ [2ï6].  

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʩʦʝʜʠʥʝʥʠʷ ʟʘ ʩʯʝʪ ʥʝʠʟʦʚʘʣʝʥʪʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ ʩʦʜʝʨʞʘʪ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʳʝ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ, ʢʦʪʦʨʳʝ ʧʨʠ ʜʘʥʥʳʭ x ʣʦʢʘʣʠʟʫʶʪʩʷ ʥʘ ʠʦʥʘʭ Mn3+, ʦʙʨʘʟʫʷ ʟʘ-

ʨʷʜʦʚʫʶ ʩʪʨʫʢʪʫʨʫ [3ï6]. ɼʘʥʥʳʝ ʢʨʠʩʪʘʣʣʳ ʩʯʠʪʘʶʪʩʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʝ 

ʚʢʣʶʯʘʪʴ ʚ ʤʦʜʝʣʴ ʜʚʦʡʥʦʡ ʦʙʤʝʥ. 

ɻʘʤʠʣʴʪʦʥʠʘʥ ʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʜʣʷ ʦʧʠʩʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʩʦʩʪʦʠʪ ʠʟ ʦʨʙʠʪʘʣʴʥʦ-ʟʘʚʠʩʠʤʳʭ ʚʢʣʘʜʦʚ [3]: 

Ὄ В ὐ Ὸ ȟ Ὸ ╢ ẗ ╢ В Ὀ ȟ Ὸȟ ȟ Ὓ Ὓ ,    

ʛʜʝ ʧʝʨʚʦʝ ʩʣʘʛʘʝʤʦʝ ï ʠʟʦʪʨʦʧʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʚʪʦʨʦʝ ï ʦʜʥʦʠʦʥʥʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ. ʇʘʨʘʤʝʪʨʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʟʘʚʠʩʷʪ ʦʪ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʦʨʙʠʪʘʣʴʥʳʭ ʬʘʢʪʦʨʦʚ. 

ʆʩʥʦʚʥʳʤ ʦʧʨʝʜʝʣʷʶʱʠʤ ʬʘʢʪʦʨʦʤ ʩʯʠʪʘʝʪʩʷ ʫʛʦʣ ʩʤʝʰʠʚʘʥʠʷ ʦʨʙʠʪʘʣʴʥʳʭ ʬʫʥʢʮʠʡ 5E 

ʩʦʩʪʦʷʥʠʷ Mn3+, ʦʙʦʟʥʘʯʝʥʥʳʡ ʢʘʢ Ū. 

ʆʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʘʚʠʩʷʪ ʦʪ ʩʦʩʪʘʚʘ ʧʘʨʳ ʠ ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ. ɺ ʨʝ-

ʟʫʣʴʪʘʪʝ ʧʨʠʤʝʥʝʥʠʷ ʤʦʜʝʣʠ [3] ʧʦʣʫʯʝʥʘ ʪʘʙʣʠʮʘ 1.  

ʊʘʙʣʠʮʘ 1.ɺʝʣʠʯʠʥʳ ʨʘʩʩʯʠʪʘʥʥʳʭ  ʩʚʝʨʭʦʙʤʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. 

ʉʦʝʜʠʥʝʥʠʝ* ʊʠʧ ʧʘʨʳ  Q, ¯ ɺʝʣʠʯʠʥʘ, meV 
La1/2Ca1/2MnO3[4] Mn3+ïMn3+ 

Mn3+ïMn4+  
Mn4+ïMn4+ 

306, 
24 

J1
b=2,3  

J2
ac,1=1,0, J2

ac,2=ï8,6  (ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʥʫʪʨʠ ʟʠʛʟʘʛʘ) 
J3

b=1,3 [?] 
La1/3Ca2/3MnO3[5] Mn3+ïMn3+ 

Mn3+ïMn4+  
Mn4+ïMn4+ 

308, 
52 

J1
b=3,0 

J2
ac, 1=0,7, J2

ac, 2= ï10,5 (ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʥʫʪʨʠ ʪʨʠʤʝʨʘ) 
J3

b=1,3, J3
ac=1,0 [4] 

Bi1/5Ca4/5MnO3[6] Mn3+ïMn3+ 
Mn3+ïMn4+  
Mn4+ïMn4+ 

306, 
54 

J1
b=2,6 

J2
ac, 1=0,5, J2

ac, 2= ï9,3 (ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʥʫʪʨʠ ʪʨʠʤʝʨʘ) 
J3

b=1,3, J3
ac=1,2 

ʆʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʦʨʤʠʨʫʶʪ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʟʠʛʟʘʛʠ, ʩʚʷʟʘʥʥʳʝ ʘʥʪʠʬʝʨ-

ʨʦʤʘʛʥʠʪʥʦ, ʚ ʤʘʥʛʘʥʠʪʘʭ ʩ ʧʦʣʦʚʠʥʥʳʤ ʜʦʧʠʨʦʚʘʥʠʝʤ ʠ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʪʨʠʤʝʨʳ, ʦʨʛʘʥʠ-

ʟʦʚʘʥʥʳʝ ʚ ʩʪʨʘʡʧʳ ʚʜʦʣʴ ʦʩʠ c, ʚ ʩʠʣʴʥʦʜʦʧʠʨʦʚʘʥʥʳʭ ʤʘʥʛʘʥʠʪʘʭ. ʇʨʠ ʵʪʦʤ, ʩʚʝʜʝʥʠʡ ʦʙ 

ʦʙʤʝʥʥʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʚʳʚʦʜʦʚ ʦ ʚʟʘʠʤʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ ʤʘʛʥʠʪʥʳʭ 

ʤʦʤʝʥʪʦʚ ʚ ʩʪʨʘʡʧʘʭ ʚ ʩʚʷʟʠ ʩ ʢʦʥʢʫʨʝʥʮʠʝʡ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. 

ʆʨʙʠʪʘʣʴʥʦ-ʟʘʚʠʩʠʤʘʷ ʦʜʥʦʠʦʥʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ (ʆʀɸ) ʠʦʥʦʚ Mn3+ ʧʦʟʚʦʣʷʝʪ ʫʪʦʯ-

ʥʠʪʴ ʥʝʢʦʣʣʠʥʝʘʨʥʫʶ ʤʘʛʥʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ [3]. ɼʣʷ ʨʘʟʣʠʯʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚʟʘʠʤʥʦʝ ʨʘʩʧʦ-

                                     
* ɺ ʩʢʦʙʢʘʭ ʫʢʘʟʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʘʙʦʪʳ, ʠʟ ʢʦʪʦʨʳʭ ʚʟʷʪʳ ʧʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ 
ʨʘʩʯʝʪʦʚ. 
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ʣʦʞʝʥʠʝ ʣʦʢʘʣʴʥʳʭ ʦʩʝʡ ʪʘʢʞʝ ʙʫʜʝʪ ʨʘʟʣʠʯʘʪʴʩʷ. ʀʦʥʳ Mn4+ ʥʝ ʦʙʣʘʜʘʶʪ ʆʀɸ ʚʪʦʨʦʛʦ ʧʦ-

ʨʷʜʢʘ ʧʦ ʩʧʠʥʘʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʩʦʙʨʘʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 1ï3. 

a 

 
 
 
 
 
 
 
 
 
 
 

b
ʈʠʩ. 1. ʅʝʢʦʣʣʠʥʝʘʨʥʘʷ ʤʘʛʥʠʪʥʘʷ CE-ʩʪʨʫʢʪʫʨʘ La1/2Ca1/2MnO3 (a) ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 
ʫʧʦʨʷʜʦʯʝʥʠʝ ʚ ʧʣʦʩʢʦʩʪʠ ac, ʚ ʩʦʩʝʜʥʝʡ ʧʣʦʩʢʦʩʪʠ ʧʦʜʨʘʟʫʤʝʚʘʶʪʩʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ 
ʥʘʧʨʘʚʣʝʥʠʷ ʤʦʤʝʥʪʦʚ, ʠʦʥʳ Mn3+ ʠʟʦʙʨʘʞʝʥʳ ʚ ʚʠʜʝ ʨʘʩʧʨʝʜʝʥʝʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʠʦʥʳ 
Mn4+ – ʚ ʚʠʜʝ ʩʬʝʨ; (b) ʚʟʘʠʤʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʩʢʦʰʝʥʥʳʭ ʤʦʤʝʥʪʦʚ. 

a 

 
 

b

ʈʠʩ. 2. ʉʪʨʘʡʧʦʚʘʷ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ La1/3Ca2/3MnO3 (a) ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʚ 
ʧʣʦʩʢʦʩʪʠ ac, ʚ ʩʦʩʝʜʥʝʡ ʧʣʦʩʢʦʩʪʠ ʧʦʜʨʘʟʫʤʝʚʘʶʪʩʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʤʦʤʝʥʪʦʚ, 
ʠʦʥʳ Mn3+ ʠʟʦʙʨʘʞʝʥʳ ʚ ʚʠʜʝ ʨʘʩʧʨʝʜʝʥʝʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʠʦʥʳ Mn4+ – ʚ ʚʠʜʝ ʩʬʝʨ; (b) 
ʚʟʘʠʤʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʩʢʦʰʝʥʥʳʭ ʤʦʤʝʥʪʦʚ. 

ʋʛʣʳ ʩʢʦʰʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʨʠʩ. 1 ʠ 2 ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠʟʤʝʨʝ-

ʥʠʷʤʠ ʨʘʙʦʪ [4, 5], ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʚʝʣʠʯʠʥʦʡ ʌʄ ʦʙʤʝʥʘ ʚʥʫʪʨʠ ʟʠʛʟʘʛʘ ʠʣʠ ʪʨʠʤʝʨʘ, ʘ ʪʘʢʞʝ 

ʩ ʫʯʝʪʦʤ ʆʀɸ.  ɼʣʷ ʩʦʝʜʠʥʝʥʠʷ Bi1/5Ca4/5MnO3 ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ ʢʘʢ ʤʘʛʥʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩ 

ʫʜʚʦʝʥʠʝʤ ʚʜʦʣʴ ʦʩʠ c, ʘʥʘʣʦʛʠʯʥʦ La1/3Ca2/3MnO3,  ʪʘʢ ʠ ʩʪʨʫʢʪʫʨʫ ʙʝʟ ʫʜʚʦʝʥʠʷ, ʢʘʢ ʠʟʦʙʨʘʞʝʥʦ ʥʘ 

ʨʠʩ.3. ʂ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ ï ʫʧʦʨʷʜʦʯʝʥʠʶ C-ʪʠʧʘ [7] ʙʣʠʞʝ ʩʦʩʪʦʷʥʠʝ ʨʠʩ. 3, ʪ.ʢ. 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ  ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʮʝʧʦʯʢʠ ʚʜʦʣʴ ʦʩʠ ʩ, ʩʦʝʜʠʥʝʥʥʳʝ  ʧʦ ʧʷʪʴ ʮʝʧʦʯʝʢ ʚʦ ʚʟʘʠʤʥʦ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʝ ʩʪʨʘʡʧʳ. ʆʜʥʘʢʦ ʜʣʷ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʩʪʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʨʘʩʯʝʪʳ. 

ʩ xp 

a

yp 

Mn3+

Mn3+

Mn3+

Mn3+

Mn4+

Mn4+
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ʈʠʩ. 3. ʉʪʨʘʡʧʦʚʘʷ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ Bi1/5Ca4/5MnO3 ʚ ʧʣʦʩʢʦʩʪʠ ac, ʚ ʩʦʩʝʜʥʝʡ ʧʣʦʩʢʦʩʪʠ 
ʧʦʜʨʘʟʫʤʝʚʘʶʪʩʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʤʦʤʝʥʪʦʚ ʠʦʥʳ Mn3+ ʠʟʦʙʨʘʞʝʥʳ ʚ ʚʠʜʝ ʨʘʩʧʨʝʜʝʥʝʠʷ 
ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʠʦʥʳ Mn4+ – ʚ ʚʠʜʝ ʩʬʝʨ.

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʢʦʰʝʥʥʳʡ ʤʘʛʥʝʪʠʟʤ ʚ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʷʚʣʷʝʪʩʷ ʩʣʝʜ-

ʩʪʚʠʝʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ï ʩʠʣʴʥʦ ʩʚʷʟʘʥʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 

ʟʠʛʟʘʛʦʚ ʚ ʤʘʥʛʘʥʠʪʘʭ ʩ ʧʦʣʦʚʠʥʥʳʤ ʟʘʧʦʣʥʝʥʠʝʤ (x=1/2) ʠ ʪʨʠʤʝʨʦʚ Mn4+ï Mn3+ï Mn4+ ʚ 

ʩʠʣʴʥʦʜʦʧʠʨʦʚʘʥʥʳʭ ʤʘʥʛʘʥʠʪʘʭ (x=2/3 ʠ 4/5), ʘ ʪʘʢʞʝ ʥʘʣʠʯʠʝʤ ʜʚʫʭ ʦʩʝʡ ʤʘʛʥʠʪʥʦʡ ʆʀɸ. 

ɺ ʩʦʝʜʠʥʝʥʠʷʭ ʩ ʢʦʥʢʫʨʝʥʮʠʝʡ ʩʚʝʨʭʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʚʫʭʦʩʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʧʨʠ-

ʚʦʜʠʪ ʢ ʧʦʯʪʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤ ʩʪʨʘʡʧʘʤ.  
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ʇʆʂʈʓʊʀʗ FeNi-C: ʉʀʅʊɽɿ ʄɽʊʆɼɸʄʀ ɿɽʃɽʅʆʁ ʍʀʄʀʀ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʤʘʛʥʠʪ-
ʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʢʨʳʪʠʡ ʠʟ ʩʧʣʘʚʦʚ FeNi-C, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦ-
ʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʝʡ ʨʘʟʣʠʯʥʳʭ ʧʦʣʠ-
ʩʘʭʘʨʠʜʦʚ. ʍʘʨʘʢʪʝʨʠʟʘʮʠʷ ʧʣʝʥʦʢ ʧʨʦʚʦʜʠʣʘʩʴ ʤʝʪʦʜʘʤʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦ-
ʩʢʦʧʠʠ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʀʩʩʣʝʜʦʚʘʥʳ ʜʠʥʘʤʠʯʝʩʢʠʝ ʠ ʩʪʘʪʠʯʝʩʢʠʝ ʤʘʛʥʠʪʥʳʝ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʢʨʳʪʠʡ FeNi-C. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʧʣʝʥʢʠ ʦʪʥʦʩʷʪʩʷ ʢ ʢʣʘʩ-
ʩʫ ʚʳʩʦʢʦʠʥʜʫʢʮʠʦʥʥʳʭ ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʜʦ 200 ɻʩĀʩʤ3/ʛ. ʄʦʨʬʦʣʦʛʠʷ 
ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ ʠ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʩʦʜʝʨʞʘʥʠʝʤ Fe ʚ ʧʣʝʥʢʝ ʠ ʪʠʧʦʤ 
ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʦʩʘʞʜʝʥʠʷ ʚʝʣʠʯʠʥʘ ʅʩ ʣʝʞʠʪ ʚ ʧʨʝʜʝʣʘʭ 8-
20 ʕ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʧʣʘʚʳ FeNi-C, ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ, ʧʦʣʠʩʘʭʘʨʠʜʳ, ʤʘʛʥʠʪʥʳʝ ʩʚʦʡ-
ʩʪʚʘ 
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Annotation. The structural and magnetic properties of FeNi-C coatings produced by electroless 
plating with different carbohydrates as reducing agents have been investigated. The investigations 
of structure and magnetic properties of the FeNi-C coatings were carried out by X-ray diffraction, 
electron microscopy, magnetic measurements and ferromagnetic resonance. The surface morpholo-
gy and coercivities of FeNi-C coatings are dependent on the iron content and type of reducing 
agent. The coercive force was in the range of 8 - 20 Oe, depending on the synthesis conditions. The 
local magnetic anisotropy field value increases with a decrease in Ni content. 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ 
ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʦʡ ʠʥʜʫʢʮʠʝʡ ʥʘʩʳʱʝʥʠʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʚʝʨʭʯʫʚʩʪʚʠ-
ʪʝʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʜʘʪʯʠʢʦʚ ʨʘʟʥʦʦʙʨʘʟʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ, ʟʘʧʠʩʳʚʘʶʱʠʭ ʛʦʣʦʚʦʢ ʚʳʩʦʢʦ-
ʧʣʦʪʥʦʡ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʝʡ ʤʘʛʥʠʪʥʦʡ ʟʘʧʠʩʠ, ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, ʩʠʩʪʝʤʘʭ 
ʟʘʱʠʪʳ ʦʪ ʠʟʣʫʯʝʥʠʷ [1-2]. ʉʧʣʘʚʳ FeNi, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʥʠʟʢʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ ʠ 
ʚʳʩʦʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ, ʪʨʘʜʠʮʠʦʥʥʦ ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʥ-
ʜʠʜʘʪʘʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʅʘʥʦ-
ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ, 
ʩʨʝʜʠ ʥʠʭ ʤʘʛʥʝʪʨʦʥʥʦʝ ʨʘʩʧʳʣʝʥʠʝ, ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʘʷ ʵʧʠʪʘʢʩʠʷ, ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʦʝ 
ʦʩʘʞʜʝʥʠʝ [3-4]. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ, ʢʘʢ ʥʝ ʠʤʝʶʱʠʡ 
ʦʛʨʘʥʠʯʝʥʠʡ ʧʦ ʨʘʟʤʝʨʫ ʠ ʬʦʨʤʝ ʧʦʢʨʳʚʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʝ ʪʨʝʙʫʶʱʠʡ ʩʦʟʜʘʥʠʷ ʵʣʝʢ-
ʪʨʦʣʠʪʠʯʝʩʢʦʡ ʷʯʝʡʢʠ [5]. ʂʣʘʩʩʠʯʝʩʢʠʝ ʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥ-
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ʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʪʨʝʙʫʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʦʢʩʠʯʥʳʭ ʨʝʘʛʝʥʪʦʚ (ʪʨʘʜʠʮʠʦʥʥʳʝ 
ʚʦʩʩʪʘʥʦʚʠʪʝʣʠ ï ʙʦʨʦʛʠʜʨʠʜʳ). ɺ ʫʩʣʦʚʠʷʭ ʧʝʨʝʭʦʜʘ ʩʦʚʨʝʤʝʥʥʦʛʦ ʤʠʨʘ ʢ ʫʩʪʦʡʯʠʚʦʤʫ 
ʨʘʟʚʠʪʠʶ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ ʩʪʘʥʦʚʠʪʩʷ ʠʩʢʣʶ-
ʯʝʥʠʝ ʪʦʢʩʠʯʥʳʭ ʨʝʘʛʝʥʪʦʚ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ʠ ʩʪʘʙʠʣʠʟʘʪʦʨʘ ʧʨʠ-
ʨʦʜʥʳʭ ʧʦʣʠʩʘʭʘʨʠʜʦʚ ʤʦʞʝʪ ʩʪʘʪʴ ʧʨʦʩʪʳʤ ʠ ʪʝʭʥʦʣʦʛʠʯʥʳʤ ʤʝʪʦʜʦʤ ʩʦʟʜʘʥʠʷ ʫʥʠʢʘʣʴ-
ʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʜʝʡʩʪʚʠʷ [6]. ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʨʘʟʨʘʙʘʪʳ-
ʚʘʝʪʩʷ ʧʦʜʭʦʜ, ʩʚʷʟʘʥʥʳʡ ʩ ʟʘʤʝʥʦʡ ʪʨʘʜʠʮʠʦʥʥʳʭ ʚʦʩʩʪʘʥʦʚʠʪʝʣʝʡ ʫʛʣʝʚʦʜʘʤʠ, ʷʚʣʷʶʱʠ-
ʤʠʩʷ ʥʝʪʦʢʩʠʯʥʳʤʠ ʠ ʚʦʟʦʙʥʦʚʣʷʝʤʳʤʠ. ʇʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʦʣʠʩʘʭʘʨʠʜʦʚ ʩ ʩʦʣʷʤʠ ʤʝ-
ʪʘʣʣʦʚ ʧʨʦʠʩʭʦʜʠʪ ʨʝʘʢʮʠʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʦʙʨʘʟʫʶʪʩʷ ʯʘʩʪʠʮʳ ʤʝʪʘʣʣʘ ʨʘʟʤʝʨʘʤʠ 5 ï 20 
ʥʤ, ʦʢʨʫʞʝʥʥʳʝ ʦʙʦʣʦʯʢʦʡ ʠʟ ʧʦʣʠʩʘʭʘʨʠʜʦʚ. ʇʨʠ ʵʪʦʤ ʧʦʩʣʝʜʥʠʝ ʚʳʧʦʣʥʷʶʪ ʦʜʥʦʚʨʝʤʝʥ-
ʥʦ ʢʘʢ ʨʦʣʴ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ, ʪʘʢ ʠ ʩʪʘʙʠʣʠʟʘʪʦʨʘ, ʦʛʨʘʥʠʯʠʚʘʶʱʝʛʦ ʨʘʟʤʝʨʳ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 
ʷʜʨʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʤʘʛʥʠʪʥʳʭ 
ʩʚʦʡʩʪʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʢʨʳʪʠʡ FeNi-C, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ 
ʦʩʘʞʜʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʝʡ ʨʘʟʣʠʯʥʳʭ ʧʦʣʠʩʘʭʘʨʠʜʦʚ (ʘʨʘʙʠ-
ʥʦʛʘʣʘʢʪʘʥʘ, ʢʨʘʭʤʘʣʘ ʠ ʩʘʭʘʨʦʟʳ). 

ʄʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ, ʦʩʥʦʚʘʥʥʦʤ ʥʘ ʨʝʘʢʮʠʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʟ ʚʦʜʥʳʭ 
ʨʘʩʪʚʦʨʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʦʣʝʡ ʤʝʪʘʣʣʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʪʨʠ ʩʝʨʠʠ ʧʣʝʥʦʢ Fe ʩ ʠʩʧʦʣʴ-
ʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʝʡ ʩʣʝʜʫʶʱʠʭ ʫʛʣʝʚʦʜʦʚ: ʘʨʘʙʠʥʦʛʘʣʘʢʪʘʥʘ (ʧʨʠʨʦʜʥʦʛʦ 
ʧʦʣʠʩʘʭʘʨʠʜʘ, ʧʦʣʫʯʘʝʤʦʛʦ ʠʟ ʜʨʝʚʝʩʠʥʳ ʣʠʩʪʚʝʥʥʠʮʳ) ïʩʝʨʠʷ ɸ; ʢʨʘʭʤʘʣʘ ïʩʝʨʠʷ ïɹ; ʩʘʭʘ-
ʨʦʟʳ ï ʩʝʨʠʷ ɺ. ʇʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ 
ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʷʣʩʷ ʤʝʪʦʜʦʤ ʵʥʝʨʛʦ-
ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ. ʀʥʪʝʛʨʘʣʴʥʳʝ (ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ) ʠ ʦʩʥʦʚʥʳʝ (ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 
ʥʘʩʳʱʝʥʠʷ, ʢʦʥʩʪʘʥʪʘ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʚʝʣʠʯʠʥʘ ʧʦʣʷ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ) 
ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʩʣʝʜʦʚʘʥʳ ʢʘʢ ʬʫʥʢʮʠʠ ʩʦʜʝʨ-
ʞʘʥʠʷ Fe, Ni ʠ ʉ ʚ ʩʧʣʘʚʝ. 

ɺʘʨʴʠʨʦʚʘʥʠʝ ʩʦʩʪʘʚʘ ʚʘʥʥʳ ʜʣʷ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ (ʩʦʦʪʥʦʰʝʥʠʝ Fe:Ni, ʪʠʧ 
ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ) ʧʦʟʚʦʣʷʝʪ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʧʦʢʨʳʪʠʷ FeNi-C ʪʦʣʱʠʥʦʡ ʜʦ 4ʤʢʤ ʩ ʦʜʥʦʨʦʜʥʳʤ 
ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʣʝʤʝʥʪʦʚ, ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʫʧʨʘʚʣʷʪʴ ʤʦʨʬʦʣʦʛʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʨʘʟʤʝ-
ʨʦʤ ʟʝʨʥʘ (15-300 ʥʤ). ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʳ ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʢʨʳʪʠʡ FeNi-C, ʧʦʣʫʯʝʥ-
ʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʧʦʣʠʩʘʭʘʨʠʜʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʠʧ ʧʦʣʠʩʘʭʘʨʠʜʘ ʦʙʫ-
ʩʣʘʚʣʠʚʘʝʪ ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʠ ʨʘʟʤʝʨ ʟʝʨʥʘ ʚ ʧʦʢʨʳʪʠʷʭ. ʅʘʠʤʝʥʴʰʠʡ ʨʘʟʤʝʨ ʟʝʨʥʘ 
(~15 ʥʤ) ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʦʩʘʞʜʝʥʠʠ ʧʣʝʥʦʢ ʩ ʘʨʘʙʠʥʦʛʘʣʘʢʪʘʥʦʤ. ʅʘʠʙʦʣʴʰʘʷ ʩʢʦʨʦʩʪʴ 
ʦʩʘʞʜʝʥʠʷ ʧʦʢʨʳʪʠʷ FeNi-ʉ ʟʘʬʠʢʩʠʨʦʚʘʥʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ 
ʩʘʭʘʨʦʟʳ (50 ʥʤ/ʩ).  

 

 

 

 

ʈʠʩ.1. ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ FeNi-C ʧʦʢʨʳʪʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʩ ʨʘʟ-
ʣʠʯʥʳʤʠ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷʤʠ: ʘ - ʘʨʘʙʠʥʦʛʘʣʘʢʪʘʥʦʤ, b – ʢʨʘʭʤʘʣʦʤ, c – ʩʘʭʘʨʦʟʦʡ;d - ʩʧʝʢʪʨʳ 
ʌʄʈ ʧʣʝʥʦʢ FeNi-C cʝʨʠʠ ɺ c ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ Ni : 1 – 1 % , 2 – 40 %,3 – 50 %, 4 – 60 %. 

ǔǓǓǓ-2021 1-39 ǘǬǱǽǯȆ 1. ǔǵǩȂǬ ǳǧǪǴǯǹǴȂǬ ǳǧǹǬǷǯǧǲȂ...



ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʩʧʣʘʚʘ FeXNi1-X ʦʧʨʝʜʝʣʷʝʪ ʚʝʣʠʯʠʥʫ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ 
ůS ʠ ʧʦʣʷ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʅʘ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ. ɺʝʣʠʯʠʥʘ ůS ʧʨʠ x = 0 ʩʦʩʪʘʚʣʷ-
ʝʪ 200 ʠ 190 ɻʩĀʩʤ3/ʛ ʜʣʷ ʩʘʭʘʨʦʟʳ ʠ ʘʨʘʙʠʥʦʛʘʣʘʢʪʘʥʘ (ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠ-
ʪʝʣʝʡ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʧʨʠ ʭ = 0,4 ï ʚʝʣʠʯʠʥʘ ůS ʧʦʨʷʜʢʘ 105 (ʩʝʨʠʷ ɺ) ʠ 97 ɻʩĀʩʤ3/ʛ (ʩʝʨʠʷ 
ɸ). ʇʦʣʝ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʠʟ ʟʘʢʦʥʘ ʧʨʠʙʣʠʞʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
ʢ ʥʘʩʳʱʝʥʠʶ. ɺʝʣʠʯʠʥʘ ʅʘ ʠʟʤʝʥʷʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0,5 ʜʦ 1 ʢʕ, ʟʥʘʯʝʥʠʷ ʅʘ ʫʤʝʥʴʰʘʶʪʩʷ 
ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Ni ʚ ʩʧʣʘʚʝ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʦʩʘʞʜʝʥʠʷ ʚʝʣʠʯʠʥʘ ʢʦʵʨ-
ʮʠʪʠʚʥʦʡ ʩʠʣʳ ʣʝʞʠʪ ʚ ʧʨʝʜʝʣʘʭ 8õ20 ʕ. ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʦʙʨʘʟʮʦʚ ʙʳʣʘ ʦʧʨʝ-
ʜʝʣʝʥʘ ʪʘʢʞʝ ʠʟ ʩʧʝʢʪʨʦʚ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ. ʅʘ ʨʠʩ.1 d ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʠʯʥʳʝ 
ʩʧʝʢʪʨʳ ʌʄʈ ʧʣʝʥʦʢ FeNi-C. ɿʥʘʯʝʥʠʷ Meff ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʦ ʚʝʣʠʯʠʥʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ 
ʩʦʛʣʘʩʥʦ ʩʪʘʥʜʘʨʪʥʦʡ ʬʦʨʤʫʣʝ: 

( ) ////
2 )4(/ ReffR HMH Ö+= pgw  

ʜʣʷ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʣʷ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ. ɺʝʣʠʯʠʥʘ 4ˊMeff  ʚ ʜʘʥʥʦʡ ʬʦʨʤʫʣʝ 
ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ ʬʦʨʤʳ ʧʣʝʥʢʠ 4ˊʄs ʠ ʧʦʣʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʅu. 
ʀʩʧʦʣʴʟʫʷ ʚʝʣʠʯʠʥʳ ʄs ʦʮʝʥʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʦʤʝʪʨʘ  ʤʳ ʦʮʝʥʠʣʠ ʚʝʣʠʯʠʥʳ ʅu. ʊʘʢ 
ʜʣʷ ʦʙʨʘʟʮʘ Fe50Ni50-C ʠʟ ʩʝʨʠʠ (B) ʟʥʘʯʝʥʠʝ ʅu ʦʢʘʟʘʣʦʩʴ ʦʪʨʠʮʘʪʝʣʴʥʳʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ 
ʦʩʪʘʣʴʥʳʭ ʪʨʝʭ ʦʙʨʘʟʮʦʚ, ʩʧʝʢʪʨʳ ʢʦʪʦʨʳʭ ʜʘʥʳ ʥʘ ʨʠʩ.1d ʅu ʧʦʣʦʞʠʪʝʣʴʥʦʝ. ʄʘʢʩʠʤʘʣʴʥʦʝ 
ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʅu ʦʮʝʥʝʥʦ ʜʣʷ ʧʦʢʨʳʪʠʷ Fe99Ni1-C ʩʝʨʠʠ (B). ʕʪʦ ʚʳʛʣʷʜʠʪ ʟʘʢʦʥʦʤʝʨʥʳʤ, ʩ 
ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʠʩʪʦʯʥʠʢʦʤ ʅu ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʚʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʘ ʩʧʣʘʚ Fe99Ni1 
ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʚ ʨʷʜʫ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ.  ʆʪʨʠʮʘ-
ʪʝʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ʅu ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʚʢʣʶʯʝʥʠʷʤʠ ʫʛʣʝʨʦʜʘ ʚ ʧʦʢʨʳʪʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʨʘʙʠʥʦʛʘʣʘʢʪʘʥʘ, 
ʢʨʘʭʤʘʣʘ ʠ ʩʘʭʘʨʦʟʳ ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʝʡ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʧʣʝʥʢʠ Fe-Ni-C. ʆʧʨʝʜʝʣʝʥʦ 
ʚʣʠʷʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʦʢʨʳʪʠʡ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝ-
ʨʠʩʪʠʢʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. ʇʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 
ʧʣʝʥʦʢ FeNi-ʉ ʩʧʣʘʚʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʩʩʪʘʥʦʚʠʪʝʣʝʡ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ, ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʂʨʘʩʥʦ-
ʷʨʩʢʦʛʦ ʢʨʘʷ ʠ ʂʨʘʩʥʦʷʨʩʢʦʛʦ ʢʨʘʝʚʦʛʦ ʬʦʥʜʘ ʥʘʫʢʠ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-43-
240003. ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʂʨʘʩʥʦʷʨʩʢʦʤʫ ʢʨʘʝʚʦʤʫ ʥʘʫʯʥʦ-
ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤʫ ʮʝʥʪʨʫ ʌʀʎ ʂʅʎ ʉʆ ʈɸʅ ʟʘ ʧʨʝʜʦʩʪʘʚʣʝʥʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ. 
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ʕʚʪʝʢʪʠʯʝʩʢʫʶ ʢʦʤʧʦʟʠʮʠʶ InSb-MnSb (ʨʠʩ. 1) ʚʳʨʘʱʠʚʘʣʠ ʤʝʪʦʜʦʤ ɹʨʠʜʞʤʝʥʘ. ɺ 
ʢʘʯʝʩʪʚʝ ʰʠʭʪʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʨʦʰʢʠ, ʧʨʠʛʦʪʦʚʣʝʥʥʳʝ ʠʟ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʚʳʩʦʢʦ-
ʯʠʩʪʦʛʦ InSb ʠ MnSb. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʜʚʫʭ ʬʘʟ: InSb ʠ MnSb. ʉ 
ʧʦʤʦʱʴʶ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʘ ʚʜʦʣʴ ʦʩʠ ʨʦʩʪʘ ʫʩʪʘʥʦʚʣʝʥʦ, 
ʯʪʦ ʵʚʪʝʢʪʠʯʝʩʢʘʷ ʢʦʤʧʦʟʠʮʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ InSb, ʦʨʠ-
ʝʥʪʠʨʦʚʘʥʥʫʶ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ [110], ʩʦʜʝʨʞʘʱʫʶ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʚʢʣʶʯʝʥʠʷ MnSb ʩ 
ʦʨʠʝʥʪʘʮʠʝʡ [001]. ʕʪʠ ʚʢʣʶʯʝʥʠʷ, ʩʦʛʣʘʩʥʦ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʠʤʝʶʪ ʬʦʨ-
ʤʫ ʠʛʣ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʚʜʦʣʴ ʦʩʠ ʨʦʩʪʘ, ʩ ʜʣʠʥʦʡ ʦʪ 1 ʤʤ ʠ ʜʠʘʤʝʪʨʦʤ ʦʪ 1 ʜʦ 5 ʤʢʤ. 

 

 ʘ)     ʙ) 

ʈʠʩ. 1. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʠʛʦʣʴʯʘʪʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʚʢʣʶʯʝʥʠʡ MnSb ʚ ʤʘʪ-
ʨʠʮʝ InSb ʚʜʦʣʴ (ʘ) ʠ ʧʦʧʝʨʝʢ (ʙ) ʥʘʧʨʘʚʣʝʥʠʷ [001], ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 

ɺʠʜ ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M(H) ʦʙʨʘʟʮʘ InSb-MnSb, ʧʦʣʫʯʝʥʥʳʭ ʩ 
ʧʦʤʦʱʴʶ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʘ S600X (Cryogenic Ltd.), ʪʠʧʠʯʝʥ ʜʣʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʩ 
ʩʠʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ (ʄɸ) (ʨʠʩ. 2ʘ). ʍʘʨʘʢʪʝʨ ʦʙʝʠʭ ʢʨʠʚʳʭ M(H), ʠʟʤʝʨʝʥʥʳʭ 
ʧʨʠ T = 350 ʂ, ʢʦʛʜʘ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘʧʨʘʚʣʝʥʦ ʚʜʦʣʴ ʠ ʧʦʧʝʨʝʢ ʠʛʣ MnSb, ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, 
ʯʪʦ ʦʩʴ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʆʃʅ) ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʜʣʠʥʥʦʡ ʩʪʦʨʦʥʝ ʠʛʦʣʴʯʘʪʳʭ 
ʚʢʣʶʯʝʥʠʡ MnSb, ʪ.ʝ. ʠʭ ʦʩʠ ʩ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʩʴ ʩ ʚʢʣʶʯʝʥʠʡ MnSb, ʷʚʣʷʝʪʩʷ ʦʩʴʶ ʪʨʫʜ-
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ʥʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ. ʕʪʘ ʩʠʪʫʘʮʠʷ ʩʦʭʨʘʥʷʝʪʩʷ ʜʦ ʩʘʤʦʡ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟʤʝʨʝʥʠʡ T 
= 5 ʂ (ʨʠʩ. 2ʙ).  

  

 

 

ʘ)      ʙ)     ʚ) 

ʈʠʩ. 2. ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʝʡ, ʠʟʤʝʨʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ T = 
350 ʂ (ʘ) ʠ T = 5 ʂ (ʙ) ʚ ʜʚʫʭ ʦʨʠʝʥʪʘʮʠʷʭ: ʚʝʢʪʦʨ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘʧʨʘʚ-
ʣʝʥ ʚʜʦʣʴ (H || c) ʠ ʧʦʧʝʨʝʢ (H ^ c) ʠʛʦʣʴʯʘʪʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʚʢʣʶʯʝʥʠʡ MnSb. 

ʇʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ ʦʪʤʝʯʝʥʦ ʧʦʣʝ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ɿʘʚʠʩʠʤʦʩʪʴ ʧʨʠʚʝʜʝʥʥʦʡ ʵʬ-
ʬʝʢʪʠʚʥʦʡ ʢʦʥʩʪʘʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ ʦʪ ʧʨʠʚʝʜʝʥʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʚ ʜʚʦʡ-
ʥʳʭ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ (ʚ). ʉʧʣʦʰʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥʘ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʣʠʥʝʡʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴʶ 

ɺʦ ʚʩʝʤ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠ ʥʝʢʦʪʦʨʦʤ ʟʥʘʯʝʥʠʠ H ʟʘʚʠʩʠʤʦ-
ʩʪʠ M(H), ʠʟʤʝʨʝʥʥʳʝ ʚʜʦʣʴ ʠ ʧʦʧʝʨʝʢ ʆʃʅ ʚʢʣʶʯʝʥʠʡ MnSb, ʜʦʩʪʠʛʘʶʪ ʥʘʩʳʱʝʥʠʷ ʠ ʧʨʠ-
ʥʠʤʘʶʪ ʨʘʚʥʳʝ ʟʥʘʯʝʥʠʷ (ʨʠʩ. 2). ʕʪʦ ʟʥʘʯʝʥʠʝ ʷʚʣʷʝʪʩʷ ʧʦʣʝʤ ʄɸ HA, ʠʟ ʢʦʪʦʨʦʛʦ ʧʦ ʬʦʨ-
ʤʫʣʝ HA = K/MS ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʘʙʩʦʣʶʪʥʫʶ ʚʝʣʠʯʠʥʫ ʵʬʬʝʢʪʠʚʥʦʡ ʢʦʥʩʪʘʥʪʳ ʄɸ K, ʢʦʪʦ-
ʨʘʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ K = 2K1+4K2, ʟʜʝʩʴ K1, K2 ï ʢʦʥʩʪʘʥʪʳ ʄɸ ʧʝʨʚʦʛʦ ʠ 
ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; MS ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ. ɺʝʣʠʯʠʥʘ K ʜʣʷ ʚʢʣʶ-
ʯʝʥʠʡ MnSb ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ (1,9 Ñ 0,1) ³ 106 ʵʨʛ/ʩʤ3 (T = 350 ʂ) ʠ (5,4 Ñ 0,2) ³ 
106 ʵʨʛ/ʩʤ3 (T = 5 ʂ).  ɿʘʚʠʩʠʤʦʩʪʴ K(T)  ʜʣʷ ʩʘʤʳʭ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠ-
ʘʣʦʚ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʪʝʦʨʠʷʤʠ, ʨʘʟʚʠʪʳʤʠ ʚ ʨʘʙʦʪʘʭ ɸʢʫʣʦʚʘ [1], ɿʠʥʝʨʘ [2] ʠ ʂʘʣʣʝʥʦʚ 
[3]. ɺʩʝ ʦʥʠ ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʩʪʝʧʝʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ K l-ʦʛʦ ʧʦʨʷʜʢʘ Kl(T) ʦʪ ʥʘʤʘʛʥʠʯʝʥʥʦ-
ʩʪʠ ʥʘʩʳʱʝʥʠʷ MS(T): 
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, ʛʜʝ n = l(l+1)/2. 

ɿʜʝʩʴ K(0) ʠ MS(0) ï ʟʥʘʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠ T = 0 ʂ. ʇʨʠ ʘʥʘʣʠʟʝ ʵʢʩʧʝ-
ʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚ ʢʘʯʝʩʪʚʝ K(0) ʠ MS(0) ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʧʨʠ 
ʥʘʠʤʝʥʴʰʝʡ ʜʦʩʪʫʧʥʦʡ ʥʘʤ ʪʝʤʧʝʨʘʪʫʨʝ T = 5 ʂ. ʉʧʨʷʤʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠʚʝʜʝʥʥʦʡ ʵʬ-
ʬʝʢʪʠʚʥʦʡ ʢʦʥʩʪʘʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ K(T)/K(0) ʦʪ ʧʨʠʚʝʜʝʥʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ 
MS(T)/MS(0) (ʨʠʩ. 2ʚ) ʚ ʜʚʦʡʥʳʭ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʝʣʠʯʠʥʘ K 
ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ (MS)n ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ. ʇʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ 
n ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ n = 3.2 Ñ 0.4. ʕʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʣʫʯʘʶ, ʢʦʛʜʘ ʚ ʚʝʣʠʯʠʥʫ ʵʬʬʝʢʪʠʚ-
ʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ K(T) ʚʥʦʩʷʪ ʩʦʧʦʩʪʘʚʠʤʳʡ ʚʢʣʘʜ ʦʙʝ ʢʦʥʩʪʘʥʪʳ ʧʝʨʚʦʛʦ K1 ʠ ʚʪʦʨʦʛʦ K2 
ʧʦʨʷʜʢʦʚ.  

ʉʧʝʢʪʨʳ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʌʄʈ) ʦʙʨʘʟʮʘ InSb-MnSb, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦ-
ʤʦʱʴʶ ʩʧʝʢʪʨʦʤʝʪʨʘ Bruker ELEXSYS-II E500 X-ʜʠʘʧʘʟʦʥʘ (9.4 ɻɻʮ) ʩ ʮʠʣʠʥʜʨʠʯʝʩʢʠʤ ʨʝ-
ʟʦʥʘʪʦʨʦʤ ER4103TM, ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʣʠʥʠʡ ʣʦʨʝʥʮʦʚʦʡ ʬʦʨʤʳ (ʨʠʩ. 
3ʘ). ʀʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʜʥʦʡ ʠʟ ʥʠʭ ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʳʰʘʝʪ ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʱʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʜʨʫʛʦʡ ʣʠʥʠʠ.  

ʆʨʠʝʥʪʘʮʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ Hres(ɗ) ʦʩʥʦʚʥʦʡ ʣʠʥʠʠ ʌʄʈ ʚ ʦʙ-
ʨʘʟʮʝ InSb-MnSb (ʨʠʩ. 3ʙ) ʦʙʫʩʣʦʚʣʝʥʘ ʄɸ. ɿʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʌʄʈ ʦʪ ʫʛʣʘ ɗ ʩ 
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ʫʯʝʪʦʤ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʢʦʥʩʪʘʥʪ ʄɸ ʩʣʝʜʫʝʪ ʠʟ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ 
ʚʳʨʘʞʝʥʠʝʤ [4]: 
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ʈʠʩ. 2. ʀʟʤʝʨʝʥʥʳʝ ʧʨʠ T = 300 ʂ ʩʧʝʢʪʨʳ ʌʄʈ ʚ ʨʘʟʣʠʯʥʳʭ ʦʨʠʝʥʪʘʮʠʷʭ ʤʘʛʥʠʪʥʦ-
ʛʦ ʧʦʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʩ ʚʢʣʶʯʝʥʠʡ MnSb (ʘ) ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ Hres ʦʩʥʦʚ-
ʥʦʡ ʣʠʥʠʠ ʌʄʈ ʦʪ ʫʛʣʘ ɗ ʤʝʞʜʫ ʣʠʥʷʤʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʦʩʴʶ ʩ ʚʢʣʶʯʝ-

ʥʠʡ MnSb (ʙ) 

ʈʝʟʦʥʘʥʩʥʘʷ ʫʛʣʦʚʘʷ ʯʘʩʪʦʪʘ ɤ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ [5]: 
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ʛʜʝ Eɗ, Eű, Eɗɗ, Eűű, Eɗű ï ʧʝʨʚʳʝ ʠ ʚʪʦʨʳʝ ʯʘʩʪʥʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ (1) ʧʦ ʩʦ-
ʦʪʚʝʪʩʪʚʫʶʱʠʤ ʫʛʣʘʤ. ɼʠʬʬʝʨʝʥʮʠʨʫʷ ʫʨʘʚʥʝʥʠʝ (1) ʠ ʧʦʜʩʪʘʚʣʷʷ ʧʨʦʠʟʚʦʜʥʳʝ ʚ (2) ʤʦʞʝʪ 
ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʟʘʚʠʩʠʤʦʩʪʠ Hres(ɗ) ʚ ʥʝʷʚʥʦʤ ʚʠʜʝ. ɿʜʝʩʴ ʦʥʦ ʥʝ ʧʨʠʚʦʜʠʪʩʷ 
ʚʚʠʜʫ ʛʨʦʤʦʟʜʢʦʩʪʠ. ʀʟ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ 
Hres ʦʩʥʦʚʥʦʡ ʣʠʥʠʠ ʌʄʈ ʦʪ ʫʛʣʘ ɗ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪ K1 = ī1,58 Ĭ 
106 ʵʨʛ/ʩʤ3, K2 = 1,11 Ĭ 106 ʵʨʛ/ʩʤ3. 
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ɸʥʥʦʪʘʮʠʷ. ʉ ʧʦʤʦʱʴʶ ʨʘʩʯʝʪʦʚ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʠʟʫʯʘʝʪʩʷ ʩʝʛʨʝʛʘʮʠʷ ʚ ʩʝʨʠʠ 
ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ Ni2-xCoxMn1+yGa1-y ʩ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʠ ʬʝʨʨʠʤʘʛʥʠʪʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ 
ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʫʩʪʦʡʯʠʚʦʩʪʴ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʪʦʣʴʢʦ ʩʦʩʪʘʚʳ  
Ni2-ʭCoʭMnGa. 
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Annotation. Segregation in a series of Ni2-xCoxMn1+yGa1-y Heusler alloys with ferromagnetic and 
ferrimagnetic orders is studied by first-principles calculations. It is shown that only the 
compositions Ni2-ʭCoʭMnGa are stable. 

Keywords: Heusler alloys, segregation, stability, ab initio calculations. 

 

 ʉʧʣʘʚʳ ɻʝʡʩʣʝʨʘ ʥʘ ʦʩʥʦʚʝ Ni ï Mn ʩ ʩʦʩʪʘʚʘʤʠ, ʙʣʠʟʢʠʤʠ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ 
Ni2MnZ, ʦʪʥʦʩʷʪʩʷ ʢ ʩʝʤʝʡʩʪʚʫ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʩʧʣʘʚʦʚ ʩ ʧʘʤʷʪʴʶ ʬʦʨʤʳ, ʵʪʦ ʪʨʦʡʥʳʝ 
ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ X2YZ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 
ʩʪʨʫʢʪʫʨʦʡ ʠ ʤʘʛʥʝʪʠʟʤʦʤ ʧʦʨʦʞʜʘʝʪ ʨʷʜ ʥʝʦʙʳʯʥʳʭ ʩʚʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʤʘʛʥʠʪʥʘʷ 
ʩʚʝʨʭʫʧʨʫʛʦʩʪʴ, ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʠ ʛʠʛʘʥʪʩʢʦʝ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʯʪʦ 
ʜʝʣʘʝʪ ʠʭ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʢ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʪʘʢ ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 
ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [1]. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʣʝʛʠʨʦʚʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ 
ʠʟʤʝʥʝʥʠʷʤ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ: ʨʝʟʢʦ ʠʟʤʝʥʷʪʴ ʢʘʢ ʤʘʛʥʠʪʥʳʝ, ʪʘʢ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʬʘʟʦʚʳʝ 
ʧʝʨʝʭʦʜʳ. ɿʘʤʝʱʝʥʠʝ Co ʚ ʧʦʟʠʮʠʠ Ni ʚʣʠʷʝʪ ʥʘ ʢʨʠʪʠʯʝʩʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʙʤʝʥʥʳʝ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʘʨʪʝʥʩʠʪʥʦʡ ʠ ʘʫʩʪʝʥʠʪʥʦʡ ʬʘʟ ʚ ʩʧʣʘʚʝ Ni50Mn30Ga20 [2]. 
ʇʝʨʚʦʧʨʠʥʮʠʧʥʳʝ ʨʘʩʯʝʪʳ [3, 4] ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Co ʜʣʷ 
ʤʘʨʪʝʥʩʠʪʥʦʡ ʬʘʟʳ ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ a ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʘ c ʫʤʝʥʴʰʘʝʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 
ʫʤʝʥʴʰʝʥʠʶ ʦʪʥʦʰʝʥʠʷ ʪʝʪʨʘʛʦʥʘʣʴʥʦʩʪʠ c/a ʥʝʤʦʜʫʣʠʨʦʚʘʥʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ, ʥʦ, 
ʦʜʥʦʚʨʝʤʝʥʥʦ, ʫʚʝʣʠʯʠʚʘʝʪ ʩʪʘʙʠʣʴʥʦʩʪʴ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʳ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ [5] ʧʦʢʘʟʘʣʠ, ʯʪʦ 
ʣʝʛʠʨʦʚʘʥʠʝ ʢʦʙʘʣʴʪʦʤ ʧʨʠʚʦʜʠʪ ʢ ʩʠʣʴʥʳʤ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ (ʌʄ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤ ʤʝʞʜʫ 
Mn ʠ Co ʚ ʘʫʩʪʝʥʠʪʥʦʡ ʬʘʟʝ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʤʘʨʪʝʥʩʠʪʥʦʡ ʬʘʟʳ ʵʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʜʚʦʝ 
ʤʝʥʴʰʝ. ʊʘʢʞʝ, ʜʦʙʘʚʣʝʥʠʝ Co ʢ ʩʧʣʘʚʘʤ Ni-Mn-Ga ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʱʝʧʣʝʥʠʶ ʩʚʷʟʘʥʥʳʭ 
ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʂʶʨʠ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ TA

C ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʪʦʛʜʘ ʢʘʢ 
TM

C ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Co. 

ɸʚʪʦʨʳ ʨʘʙʦʪʳ [6] ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, ʩʦʝʜʠʥʝʥʠʷ ʩ 
ʠʟʙʳʪʢʦʤ Mn ʩʪʘʥʦʚʷʪʩʷ ʥʝʫʩʪʦʡʯʠʚʳʤʠ. ʉʝʛʨʝʛʘʮʠʷ ʚ ʩʧʣʘʚʝ Ni50Mn39Sn11 ʚʦʟʥʠʢʘʝʪ ʧʦʩʣʝ 
ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʨʠ 1200 ʠ 773 ʂ. ʅʝʜʘʚʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 
[7 ï 10] ʪʘʢʞʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʝ (ɸʌʄ) ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ Ni50Mn45X5 
(ʭ = Sn, Al, Ga, In) ʥʝʩʪʘʙʠʣʴʥʳ ʠ ʨʘʟʣʘʛʘʶʪʩʷ ʥʘ ʜʚʫʭʬʘʟʥʫʶ FM L21-ʢʫʙʠʯʝʩʢʫʶ 
Ni50Mn25X25 ʠ AFM L10-ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ ʬʘʟʫ Ni50Mn50 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪʞʠʛʘ ʦʢʦʣʦ 650 ï
 800 ʂ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ [1] ʧʨʦʚʝʣʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ 
Ni2Mn1+ʭ(In, Sn, Ga, Al)1-ʭ, Mn2Ni1+ʭ(Ga, Al) ʠ Ni2+xMn1-xGa. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʷ 
Ni2Mn1+x(In, Sn, Al)1-x ʩ ʠʟʙʳʪʦʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ Mn ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʝʫʩʪʦʡʯʠʚʳ 
ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʦʪ ʨʘʟʣʦʞʝʥʠʷ ʚ ʜʚʫʭʬʘʟʥʫʶ ʩʠʩʪʝʤʫ. Ni2Mn1+xGa1-x ʠ 
Mn2Ni1+x(Ga, Al)1-x ʩʪʘʙʠʣʴʥʳ ʚ ʫʟʢʦʤ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʦʢʦʣʦ ʩʪʝʭʠʦʤʝʪʨʠʠ 2-1-1. 
ɸʚʪʦʨʳ ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ Ni2+xMn1-xGa, ʩʪʘʙʠʣʝʥ ʚ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 
0 < x < 0.6. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʤʳ ʠʩʩʣʝʜʫʝʤ ʚʦʟʤʦʞʥʳʝ 
ʵʬʬʝʢʪʳ ʩʝʛʨʝʛʘʮʠʠ ʜʣʷ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʩʧʣʘʚʦʚ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 
ʚʩʝʛʦ ʜʠʘʧʘʟʦʥʘ ʩʦʩʪʘʚʦʚ ʚ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ Ni2-xCoxMn1+yGa1-y (ʭ = 0.25 ʠ ʫ = 
0, 0.25, 0.5, 0.75) ʜʣʷ ʜʚʫʭ ʩʣʫʯʘʝʚ ʫʧʦʨʷʜʦʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ: ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ï 
ʌʄ (ʚʩʝ ʩʧʠʥʳ ŷŷ) ʠ ʬʝʨʨʠʤʘʛʥʠʪʥʦʛʦ ï ʌʀʄ (ʩʧʠʥʳ ʠʟʙʳʪʦʯʥʦʛʦ Mn ŹŹ) ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 
ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ çVASPè [11]. ʇʦʣʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʛʝʦʤʝʪʨʠʠ ʙʦʣʝʝ 
ʚʳʛʦʜʥʳʭ ʘʪʦʤʥʳʭ ʧʦʟʠʮʠʡ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ Atat ʠ ʤʝʪʦʜʘ 
SQS (special quasirandom structures) [12]. ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ 16-ʘʪʦʤʥʦʡ ʩʫʧʝʨʷʯʝʡʢʠ ʚ 
ʧʨʠʙʣʠʞʝʥʠʠ GGA-PBE ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʚ ʢʫʙʠʯʝʩʢʦʡ ʠ 
ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʝ. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʜʣʷ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʝʜʠʥʦʡ k-
ʪʦʯʝʯʥʦʡ ʩʝʪʢʝ ʄʦʥʢʭʦʨʩʪʘ-ʇʘʢʘ (12 Ĭ 12 Ĭ 12).  

ǔǓǓǓ-2021 1-46 ǘǬǱǽǯȆ 1. ǔǵǩȂǬ ǳǧǪǴǯǹǴȂǬ ǳǧǹǬǷǯǧǲȂ...



ʇʦ ʨʘʩʩʯʠʪʘʥʥʳʤ ʜʘʥʥʳʤ ʧʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʟʥʠʮʳ ʵʥʝʨʛʠʠ 
ʢʨʠʩʪʘʣʣʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʬʘʟʝ ʘʫʩʪʝʥʠʪʘ (æE) ʦʪ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʠʩʢʘʞʝʥʠʷ (ʩ/a) ʜʣʷ 
ʩʠʩʪʝʤ Ni2-xCoxMn1+yGa1-y (ʨʠʩ. 1). 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʥʠʮʳ ʵʥʝʨʛʠʠ ʦʪ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʠʩʢʘʞʝʥʠʷ ʢʫʙʠʯʝʩʢʦʡ L21 ʩʪʨʫʢʪʫʨʳ 

ʩʧʣʘʚʘ Ni1.75Co0.25Mn1+yGa1-y ʩ ʤʘʛʥʠʪʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʌʄ ʠ ʌʀʄ 

 

 ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 1, ʜʣʷ ʚʩʝʭ ʩʦʩʪʘʚʦʚ ʩ ʬʝʨʨʠʤʘʛʥʠʪʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʤʘʛʥʠʪʥʳʭ 
ʤʦʤʝʥʪʦʚ ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ Mn ʟʘ ʩʯʝʪ ʘʪʦʤʦʚ Ga ʭʘʨʘʢʪʝʨʥʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ 
ʩʪʘʙʠʣʴʥʦʡ ʤʘʨʪʝʥʩʠʪʥʦʡ ʬʘʟʳ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ L10.  

 ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʚʳʧʦʣʥʝʥʘ ʦʮʝʥʢʘ ʚʦʟʤʦʞʥʳʭ ʵʬʬʝʢʪʦʚ ʩʝʛʨʝʛʘʮʠʠ ʜʣʷ 
ʠʩʩʣʝʜʫʝʤʳʭ ʩʠʩʪʝʤ. ɼʣʷ ʵʪʦʛʦ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʵʥʝʨʛʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʩʦʩʪʘʚʦʚ  
Ni2-xCoxMn1+yGa1-y, ʘ ʪʘʢʞʝ ʚʩʝʭ ʩʪʘʙʠʣʴʥʳʭ ʢʦʤʧʦʟʠʮʠʡ (Co, Co3Ni, Ga, Ga3Co, Ga3Ni2, 
Ga3Ni5, Ga7Ni3, Ga9Ni3, GaCo, GaNi3, Mn, Mn3Co, MnGa, MnGa2Ni9, MnGa4, MnGaCo2, 
MnGaNi2, MnNi3, Ni) ʩʦʛʣʘʩʥʦ ʙʘʟʝ ʜʘʥʥʳʭ ʥʘ Materials project [13].  

 ɼʣʷ ʨʘʩʯʝʪʘ ʵʥʝʨʛʠʠ ʩʤʝʰʠʚʘʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ ʪʝʥʜʝʥʮʠʶ ʩʦʝʜʠʥʝʥʠʡ ʢ 
ʩʝʛʨʝʛʘʮʠʠ, ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʣʝʜʫʶʱʘʷ ʬʦʨʤʫʣʘ: 

Ὁ Ὁ Ὁ  

ʛʜʝ ɽ0 ï ʧʦʣʥʘʷ ʵʥʝʨʛʠʷ ʩʦʝʜʠʥʝʥʠʷ, ɽi ï ʵʥʝʨʛʠʷ ʢʘʞʜʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʩʚʦʝʡ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ, N ï ʨʘʟʣʠʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʦʤʧʦʥʝʥʪʦʚ ʨʘʩʧʘʜʘ. ɼʣʷ ʢʘʞʜʦʡ 
ʢʦʤʧʦʟʠʮʠʠ ʙʳʣʠ ʩʛʝʥʝʨʠʨʦʚʘʥʳ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʢʦʤʙʠʥʘʮʠʠ ʨʝʘʢʮʠʡ ʨʘʩʧʘʜʘ ʥʘ 
ʩʪʘʙʠʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʜʣʷ 
ʢʦʥʬʠʛʫʨʘʮʠʠ Ni1.75Co0.25MnGa. ʆʪʨʠʮʘʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʤʝʰʠʚʘʥʠʷ ʫʢʘʟʳʚʘʝʪ ʥʘ 
ʪʦ, ʯʪʦ ʩʦʩʪʘʚ ʩʪʘʙʠʣʝʥ, ʪ. ʝ. ʪʘʢʦʡ ʩʧʣʘʚ ʤʦʞʝʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʚ ʫʩʣʦʚʠʷʭ ʨʘʚʥʦʚʝʩʠʷ. ʀʟ 

(1) 
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100% ʚʦʟʤʦʞʥʳʭ ʩʪʘʙʠʣʴʥʳʭ ʨʝʘʢʮʠʡ ʠ ʨʝʘʢʮʠʡ ʨʘʩʧʘʜʘ ~66.7 % ʫʢʘʟʳʚʘʶʪ ʥʘ ʚʦʟʤʦʞʥʫʶ 
ʩʪʘʙʠʣʴʥʦʩʪʴ, ʪ.ʝ. ʜʘʥʥʘʷ ʢʦʤʧʦʟʠʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ.  

 
ʈʠʩ. 2. ʕʥʝʨʛʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʜʣʷ ʩʦʩʪʘʚʘ Ni1.75Co0.25MnGa 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʜʣʷ ʢʦʤʧʦʟʠʮʠʡ Ni1.75Co0.25Mn1+yGa1-y ʭʘʨʘʢʪʝʨʝʥ ʤʘʨʪʝʥʩʠʪʥʳʡ 
ʧʝʨʝʭʦʜ ʠʟ ʌʄ ʢʫʙʠʯʝʩʢʦʡ L21 ʩʪʨʫʢʪʫʨʳ ʚ ʌʀʄ ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ L10 ʩʪʨʫʢʪʫʨʫ. 
ʋʩʪʦʡʯʠʚʦʩʪʴ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʪʦʣʴʢʦ ʩʦʩʪʘʚʳ Ni2-ʭCoʭMnGa. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʧʨʦʝʢʪʘ ʈʅʌ ˉ 17-72-20022. 
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ʋɼʂ 537.622.4 

 
ʀʉʉʃɽɼʆɺɸʅʀɽ ʉʊʈʋʂʊʋʈʓ ʀ ʄɸɻʅʀʊʅʓʍ ʉɺʆʁʉʊɺ 
ʉʇʃɸɺʆɺ (Nd1-X CeX) (Fe0,75 Co0,25)11,3 Ti0,35 V0,35 (ɻɼɽ 0 Ò X Ò 0,3) 
ʇʆʉʃɽ ɿɸʂɸʃʂʀ ʀɿ ɾʀɼʂʆɻʆ ʉʆʉʊʆʗʅʀʗ, ʆʊɾʀɻɸ ʀ 

ɸɿʆʊʀʈʆɺɸʅʀʗ 
 

ɾʝʣʝʟʥʳʡ ʄ.ɺ. 
 

ʘʩʩʠʩʪʝʥʪ ʢʘʬʝʜʨʳ ʌʠʟʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʅʀʊʋ çʄʀʉʠʉè 
 

ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʠ ʛʠʩʪʝʨʝʟʠʩʥʳʝ 
ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʙʳʩʪʨʦʟʘʢʘʣʝʥʥʳʭ ʩʧʣʘʚʦʚ (Nd, Ce) (Fe, Co)11,3 (Ti, V)0,7 ʧʦʩʣʝ 
ʘʟʦʪʠʨʦʚʘʥʠʷ. ʃʝʛʠʨʦʚʘʥʠʝ ʮʝʨʠʝʤ ʠ ʘʟʦʪʠʨʦʚʘʥʠʝ ʠʩʩʣʝʜʫʝʤʳʭ ʩʧʣʘʚʦʚ ʧʨʠʚʦʜʠʪ ʢ 
ʫʚʝʣʠʯʝʥʠʶ ʟʥʘʯʝʥʠʡ ʛʠʩʪʝʨʝʟʠʩʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. 

 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʧʣʘʚʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ThMn12, ʟʘʢʘʣʢʘ ʠʟ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ, 
ʘʟʦʪʠʨʦʚʘʥʠʝ, ʤʘʛʥʠʪʥʳʝ ʛʠʩʪʝʨʝʟʠʩʥʳʝ ʩʚʦʡʩʪʚʘ 

 

Structure and magnetic properties of melt-spun 
(Nd1-X CeX) (Fe0,75 Co0,25)11,3 Ti0,35 V0,35 alloys (x = 0-0.3) after 

annealing and nitriding 
 

M V Zheleznyi 
 

assistant of Department of Physical materials science 
National University of Science and Technology çMISiSè 

 
Annotation. Structural transformations and hysteretic magnetic properties of rapidly quenched 
alloys (Nd, Ce)(Fe, Co)11,3(Ti, V)0,7 after nitriding are considered. Nitriding and increasing the 
cerium content in the investigated alloys lead to an increase in the values of the hysteretic magnetic 
properties. 
 
Keywords: alloys with ThMn12 crystal structure, melt-spun alloys, nitriding, magnetic hysteresis 
properties 

 
ʉʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ Nd(Fe, Co)12-yMy (M = Ti, V, Cr, Mo 

ʠ ʪ.ʜ.) ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ ʪʠʧʦʤ ThMn12 ʠʟʚʝʩʪʥʳ ʙʦʣʝʝ 30 ʣʝʪ ʠ ʦʪʥʦʩʷʪʩʷ ʢ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 
ʤʘʛʥʠʪʦʪʚʝʨʜʳʤ ʤʘʪʝʨʠʘʣʘʤ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
ʥʘʩʳʱʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ, ʧʦʣʷ ʠ ʢʦʥʩʪʘʥʪ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ [1 - 
3]. ʇʨʠʩʫʪʩʪʚʠʝ ʩʣʘʙʦʤʘʛʥʠʪʥʳʭ ʵʣʝʤʝʥʪʦʚ M-ʪʠʧʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʩʦʝʜʠʥʝ-
ʥʠʡ R(Fe, Co, M)12 (R = Nd, Ce, Sm ʠ ʪ.ʜ.) ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ. 
ʇʨʠ ʵʪʦʤ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ 
ʩʥʠʞʝʥʠʶ ʟʥʘʯʝʥʠʡ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. 

ɸʚʪʦʨʳ ʨʘʙʦʪ [4 - 6] ʧʦʣʫʯʠʣʠ ʤʝʪʦʜʦʤ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʥʘ ʤʝʜʥʦʤ 
ʙʘʨʘʙʘʥʝ (strip - casting) ʫʩʪʦʡʯʠʚʳʝ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ (Nd, Zr)(Fe, Co, Ti)12 ʩ 
ʧʦʚʳʰʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʞʝʣʝʟʘ ʠ ʢʦʙʘʣʴʪʘ (ʩ ʧʦʥʠʞʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʥʝʦʜʠʤʘ ʠ ʪʠʪʘ-
ʥʘ). ʊʘʢʞʝ ʠʤ ʫʜʘʣʦʩʴ ʧʨʦʠʟʚʝʩʪʠ ʧʨʦʮʝʩʩ ʘʟʦʪʠʨʦʚʘʥʠʷ ʩʧʣʘʚʘ ʥʘ ʦʩʥʦʚʝ ʥʦʚʦʛʦ ʩʦʝʜʠʥʝ-
ʥʠʷ. ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʚʦʟʜʝʡʩʪʚʠʷ ʩʧʦʩʦʙʩʪʚʦʚʘʣʠ ʟʘʤʝʪʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʟʥʘʯʝʥʠʡ ʪʝʤʧʝʨʘ-
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ʪʫʨʳ ʂʶʨʠ, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʘʟʦʚʳʤ ʩʦ-
ʝʜʠʥʝʥʠʝʤ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʩʧʣʘʚʦʚ            
(Nd, Ce)(Fe, Co, Ti, V)12, ʧʦʜʚʝʨʛʥʫʪʳʭ ʟʘʢʘʣʢʝ ʠʟ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʘʟʦʪʠ-
ʨʦʚʘʥʠʝʤ, ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʩʧʣʘʚʳ ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʛʦ ʧʣʘʚʣʝʥʠʷ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʩ ʧʦʩʣʝ-
ʜʫʶʱʝʡ ʟʘʢʘʣʢʦʡ ʠʟ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʢʦʪʦʨʫʶ ʧʨʦʚʦʜʠʣʠ ʥʘ ʫʩʪʘʥʦʚʢʝ ʜʣʷ ʩʧʠʥʥʠʥʛʦʚʘ-
ʥʠʷ ʨʘʩʧʣʘʚʘ DVX-II. ɼʘʣʝʝ ʦʙʨʘʟʮʳ ʧʦʜʚʝʨʛʘʣʠ ʧʨʦʮʝʩʩʫ ʛʠʜʨʠʨʦʚʘʥʠʷ-ʜʝʛʠʜʨʠʨʦʚʘʥʠʷ 
ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 200 Üʉ ʩ ʜʘʣʴʥʝʡʰʠʤ ʘʟʦʪʠʨʦʚʘʥʠʝʤ ʧʨʠ ʜʘʚʣʝʥʠʠ 15 ʘʪʤ. ʠ ʪʝʤʧʝʨʘʪʫʨʝ 
430 Üʉ ʚ ʪʝʯʝʥʠʝ 40 ʯʘʩʦʚ. ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʷʣʩʷ ʥʘ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩ-
ʮʝʥʪʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ʩ ʚʦʣʥʦʚʦʡ ʜʠʩʧʝʨʩʠʝʡ Rigaku ZSX Primus II, ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ 
ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Rigaku Ultima IV (CoKŬ ï ʠʟʣʫʯʝʥʠʝ) ʩ ʧʦʤʦ-
ʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ Rigaku PDXL 2. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʣʠʪʳʭ ʩʧʣʘʚʦʚ ʠʩʩʣʝʜʦʚʘ-
ʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Tescan Vega 3SB, ʦʩʥʘʱʝʥʥʦʛʦ 
ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʵʣʝʤʝʥʪʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ Oxford Instruments. ʄʠʢ-
ʨʦʩʪʨʫʢʪʫʨʫ ʟʘʢʘʣʝʥʥʳʭ ʠʟ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʦʙʨʘʟʮʦʚ ʚ ʚʠʜʝ ʯʝʰʫʝʢ, ʢʦʪʦʨʳʝ ʧʦʜʛʦʪʘʚ-
ʣʠʚʘʣʠ ʤʝʪʦʜʦʤ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʥʘ ʫʩʪʘʥʦʚʢʝ JEOL Ion Slicer IS - 9100, ʠʩʩʣʝʜʦʚʘʣʠ ʩ ʧʦ-
ʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ JEOL JEM 1400. ʄʘʛʥʠʪʥʳʝ ʛʠʩʪʝʨʝ-
ʟʠʩʥʳʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʝʪʦʤʝʪʨʘ VSM - 
250 ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 20 ʢʕ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʮʝʨʠʷ ʥʘ ʤʘʛʥʠʪʥʳʝ ʛʠʩʪʝʨʝ-
ʟʠʩʥʳʝ ʩʚʦʡʩʪʚʘ (ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ) ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ ʥʦʚʦʛʦ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦ-
ʛʦ ʩʦʝʜʠʥʝʥʠʷ Nd(Fe0,75Co0,25)11,3Ti0,35V0,35 ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ ʪʠʧʦʤ ThMn12 ʚ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢ-
ʪʫʨʥʳʭ ʩʦʩʪʦʷʥʠʷʭ (ʧʦʩʣʝ ʨʘʟʣʠʯʥʳʭ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ). 

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘ-

ʥʠʡ (ʈʌʌʀ) ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-03-00971 ɸ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ 
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ʘʩʧʠʨʘʥʪ ʢʘʬʝʜʨʳ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʬʠʟʠʢʠ, ɹʝʣʛʦʨʦʜʩʢʠʡ 
ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

 

ɸʥʥʦʪʘʮʠʷ. ʈʘʟʨʘʙʦʪʢʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʪʦʚ (ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ) ʩ ʤʘʛʥʠʪʥʳʤ 
(ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʠʣʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ) ʥʘʧʦʣʥʠʪʝʣʝʤ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 
ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʚʠʪʠʷ ʩʦʚʨʝʤʝʥʥʦʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ. ɺ ʨʘʙʦʪʝ 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʠ ʘʥʘʣʠʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ 
ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ  ʢʦʤʧʦʟʠʪʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʤʘʪʨʠʮʳ ʥʘ ʦʩʥʦʚʝ 
ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʢʘ Bi2Te3

 ʠ ʥʘʧʦʣʥʠʪʝʣʷ ʠʟ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ Ni.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʤʧʦʟʠʪʳ, ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, 
ʤʘʛʥʠʪʥʳʝ ʚʢʣʶʯʝʥʠʷ  
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ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʩʦʚʨʝʤʝʥʥʦʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʧʦʚʳʰʝʥʠʶ 
ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ, ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʠʢʨʦ (ʥʘʥʦ) 
ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʤʘʪʨʠʮʳ ʠʟ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʤʠ 
ʚʢʣʶʯʝʥʠʷʤʠ ʥʘʧʦʣʥʠʪʝʣʷ, ʩʣʫʯʘʡʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʚʥʫʪʨʠ ʤʘʪʨʠʮʳ [1, 2]. ɺ ʵʪʠʭ 
ʢʦʤʧʦʟʠʪʘʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʤʦʛʫʪ ʙʳʪʴ ʟʘʜʝʡʩʪʚʦʚʘʥʳ ʥʝʩʢʦʣʴʢʦ ʬʠʟʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ, 
ʚʣʠʷʶʱʠʭ ʥʘ ʠʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʂʘʢ ʧʨʘʚʠʣʦ, ʤʘʪʨʠʮʘ ʢʦʤʧʦʟʠʪʘ 
ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʤʘʪʝʨʠʘʣ, ʪʦʛʜʘ ʢʘʢ 
ʤʘʛʥʠʪʥʳʤʠ ʚʢʣʶʯʝʥʠʷʤʠ ʷʚʣʷʶʪʩʷ ʧʝʨʝʭʦʜʥʳʝ d- ʠʣʠ f-ʤʝʪʘʣʣʳ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ Bi2Te3 
(ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʪʝʨʤʦʵʣʝʢʪʨʠʢ) ʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʥʠʢʝʣʝʚʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ 
(ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ 628 ʂ).  

 ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ Bi2Te3+xNi ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ Ni (x=0, 0,5, 0,85, 
1,25 ʠ 1,5 ʘʪ.%), ʩʤʝʩʠ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ Bi2Te3 ʠ Ni, ʚʟʷʪʳʝ ʚ ʥʝʦʙʭʦʜʠʤʦʤ ʩʦʦʪʥʦʰʝʥʠʠ, 
ʧʦʜʚʝʨʛʘʣʠ ʵʣʝʢʪʨʦʠʩʢʨʦʚʦʤʫ ʧʣʘʟʤʝʥʥʦʤʫ ʩʧʝʢʘʥʠʶ ʧʨʠ ʜʘʚʣʝʥʠʠ 40 ʄʇʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 
573 ʂ ʚ ʪʝʯʝʥʠʝ 2 ʤʠʥ. ʀʩʭʦʜʥʳʡ ʧʦʨʦʰʦʢ Bi2Te3, ʩʦʩʪʦʷʱʠʡ ʠʟ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʧʣʘʩʪʠʥ ʩʦ 
ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʥʤ ʠ ʪʦʣʱʠʥʦʡ ~ 100 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ 
ʬʘʟʝ R3m (ʨʠʩ. 1 (ʘ)) ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ a=0,4354 ʥʤ ʠ c=3,035 ʥʤ (ʙ). ʀʩʭʦʜʥʳʡ 
ʧʦʨʦʰʦʢ Ni, ʩʦʩʪʦʷʱʠʡ ʠʟ ʘʛʣʦʤʝʨʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʧʦʯʪʠ ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ 
ʜʠʘʤʝʪʨʦʤ 150õ200 ʥʤ (ʨʠʩ. 1 (ʚ)), ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʫʶ ʢʫʙʠʯʝʩʢʫʶ 
ʬʘʟʫ Fm3m (ʛ) ʩ a=0,3525 ʥʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʨʘʟʮʳ ʚʩʝʭ ʩʦʩʪʘʚʦʚ ʪʝʢʩʪʫʨʠʨʫʶʪʩʷ ʚ 
ʧʨʦʮʝʩʩʝ ʩʧʝʢʘʥʠʷ, ʠ ʩʪʝʧʝʥʴ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʷ ʟʘʚʠʩʠʪ ʦʪ x. ʆʩʴ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʷ 
ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʝʩʩʦʚʘʥʠʷ. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʩʥʷʪʳʝ ʩ  ʧʦʚʝʨʭʥʦʩʪʝʡ 
ʦʙʨʘʟʮʦʚ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʦ ʠʣʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʷ, 
ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʶʪʩʷ. ʅʘʧʨʠʤʝʨ, ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʜʣʷ ʢʦʤʧʦʟʠʪʘ ʩ x=1,25 ʘʪ. %, ʧʦʢʘʟʘʥʳ ʥʘ 
ʨʠʩ. 1 (ʜ) (ʧʘʨʘʣʣʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ) ʠ (ʞ) (ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ), 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘʙʣʶʜʘʝʤʦʝ ʨʘʟʣʠʯʠʝ ʚ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʩʚʷʟʘʥʦ ʩ ʯʘʩʪʠʯʥʳʤ 
ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʧʣʘʩʪʠʥʯʘʪʳʭ ʟʝʨʝʥ, ʬʦʨʤʠʨʫʶʱʠʭ ʚ ʧʨʦʮʝʩʩʝ ʩʧʝʢʘʥʠʷ ʣʘʤʝʣʴʥʳʝ ʩʣʦʠ 
ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʦʩʴ çʩè ʟʝʨʝʥ ʥʘʧʨʘʚʣʝʥʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 
ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʣʦʷʤ, ʘ ʧʣʦʩʢʦʩʪʠ çʘ-bè - ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʣʝʞʘʪ ʚ ʵʪʦʡ ʧʣʦʩʢʦʩʪʠ (ʨʠʩ. 
2 (ʜ) ʠ (ʞ)). ʉʪʝʧʝʥʴ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʷ ʦʧʨʝʜʝʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʬʘʢʪʦʨʘ ʃʦʪʛʝʨʠʥʛʘ, LF. 
ʉʦʝʜʠʥʝʥʠʝ ʙʝʟ ʥʘʧʦʣʥʠʪʝʣʷ ʥʘʠʤʝʥʝʝ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦ. ʇʨʠ ʧʦʩʪʝʧʝʥʥʦʤ ʚʥʝʜʨʝʥʠʠ 
ʥʘʧʦʣʥʠʪʝʣʷ ʚ ʤʘʪʨʠʮʫ LF ʩʪʘʙʠʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ x ʜʦ x=1,25 ʘʪ. %. ʅʦ ʜʣʷ 
ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʦʤʧʦʟʠʪʘ ʩ x=1,5 ʘʪ. %, LF ʟʘʤʝʪʥʦ ʩʥʠʞʘʝʪʩʷ (ʊʘʙʣʠʮʘ 1). 

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʢʦʤʧʦʟʠʪʦʚ Bi2Te3+xNi ʠʟʤʝʥʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ 
ʩʠʥʪʝʟʘ. ʇʦʤʠʤʦ ʠʩʭʦʜʥʳʭ ʬʘʟ Bi2Te3 ʠ Ni, ʦʙʨʘʟʫʝʪʩʷ ʥʦʚʘʷ ʬʘʟʘ NiTe2. ʕʪʘ ʬʘʟʘ ʠʤʝʝʪ 
ʪʨʠʛʦʥʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ P3 ←m1 ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ a=0,3895 ʠ c=0,5470 ʥʤ. 
ʉʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʪʨʝʭ ʬʘʟ ʚ ʢʦʤʧʦʟʠʪʘʭ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʘʥʘʣʠʟʦʤ ʜʠʬʨʘʢʪʦʛʨʘʤʤ (ʨʠʩ. 1 
(ʞ)) ʠ BSE-ʠʟʦʙʨʘʞʝʥʠʷ (back-scattered electrons), ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʧʦʣʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 
ʢʦʤʧʦʟʠʪʘ, ʠ ʢʘʨʪʠʨʦʚʘʥʠʝʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Bi, Te ʠ Ni ʧʦ ʵʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʚʳʧʦʣʥʝʥʥʳʤ 
ʤʝʪʦʜʦʤ EDS (energy-dispersive X-ray spectroscopy) (ʨʠʩ. 2 (ʘ-ʜ)). ʅʘ ʵʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 
ʥʘʙʣʶʜʘʶʪʩʷ ʪʨʠ ʬʘʟʳ. ʆʩʥʦʚʥʘʷ ʬʘʟʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʚʝʪʣʦ-ʩʝʨʦʤʫ ʬʦʥʫ, ʘ ʚʪʦʨʦʩʪʝʧʝʥʥʳʝ 
ʬʘʟʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʚʢʣʶʯʝʥʠʷ ʥʘʧʦʣʥʠʪʝʣʷ. ʇʦʚʝʨʭʥʦʩʪʥʘʷ ʧʣʦʪʥʦʩʪʴ ʚʢʣʶʯʝʥʠʡ 
(ʢʦʣʠʯʝʩʪʚʦ ʚʢʣʶʯʝʥʠʡ ʥʘ ʝʜʠʥʠʮʫ ʧʦʚʝʨʭʥʦʩʪʠ) ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ x (ʨʠʩ. 2 (ʜ) ʠ 
(ʞ)). ʉʘʤʠ ʚʢʣʶʯʝʥʠʷ ʥʘʧʦʣʥʠʪʝʣʷ ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʢʦʤʧʦʟʠʪʥʳʤʠ, ʪʘʢ ʢʘʢ ʬʦʨʤʠʨʫʶʪʩʷ ʚ 
ʚʠʜʝ ʯʘʩʪʠʮ çʷʜʨʦè - çʦʙʦʣʦʯʢʘè (ʚʩʪʘʚʢʠ ʢ ʨʠʩ. 2 (ʜ) ʠ (ʞ)). ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʟʦʚʦʛʦ 
ʩʦʩʪʘʚʘ ʷʜʨʘ ʠ ʦʙʦʣʦʯʢʠ ʦʜʥʦʛʦ ʠʟ ʚʢʣʶʯʝʥʠʡ (ʨʠʩ. 2 (ʝ)) ʧʨʦʚʦʜʠʣʠ ʩʢʘʥʠʨʦʚʘʥʠʝ ʤʝʪʦʜʦʤ 
EDS ʧʦ ʣʠʥʠʠ, ʧʝʨʝʩʝʢʘʶʱʝʡ ʚʢʣʶʯʝʥʠʝ (ʨʠʩ. 2 (3)). ɺʠʜʥʦ, ʯʪʦ Ni ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 
ʩʦʜʝʨʞʠʪʩʷ ʚʥʫʪʨʠ ʷʜʨʘ, ʪʦʛʜʘ ʢʘʢ Ni ʠ Te ʧʨʝʦʙʣʘʜʘʶʪ ʚʥʫʪʨʠ ʦʙʦʣʦʯʢʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 
ʚʢʣʶʯʝʥʠʝ ʩʦʩʪʦʠʪ ʠʟ ʷʜʨʘ Ni, ʧʦʢʨʳʪʦʛʦ ʦʙʦʣʦʯʢʦʡ NiTe2 (Ni@NiTe2). ʌʦʨʤʠʨʦʚʘʥʠʝ 
ʚʢʣʶʯʝʥʠʡ Ni@NiTe2 ʠʟ ʠʩʭʦʜʥʳʭ ʚʢʣʶʯʝʥʠʡ Ni ʧʨʦʠʩʭʦʜʠʪ ʚ ʧʨʦʮʝʩʩʝ ʩʧʝʢʘʥʠʷ ʚ 
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ʨʝʟʫʣʴʪʘʪʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ ʤʘʪʨʠʮʳ ʠ 
ʥʘʧʦʣʥʠʪʝʣʷ. ʇʦʩʢʦʣʴʢʫ ʛʨʘʜʠʝʥʪʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʚʦ ʚʢʣʶʯʝʥʠʷʭ 
Ni@NiTe2, ʠʭ ʩʣʝʜʫʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʣʦʢʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʝ ʚʢʣʶʯʝʥʠʷ. ʈʘʟʤʝʨ ʚʩʝʭ 
ʣʦʢʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʭ ʚʢʣʶʯʝʥʠʡ d ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʠʢʨʦʤʘʩʰʪʘʙʥʦʤʫ ʜʠʘʧʘʟʦʥʫ. ʆʜʥʘʢʦ 
ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʪʦʣʱʠʥʦʡ ʦʙʦʣʦʯʢʠ l ʠ ʨʘʜʠʫʩʦʤ ʷʜʨʘ r ʟʘʚʠʩʠʪ ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ 
ʚʢʣʶʯʝʥʠʡ Ni, ʢʦʪʦʨʳʝ ʧʦʩʪʝʧʝʥʥʦ ʧʨʝʚʨʘʱʘʶʪʩʷ ʚʦ ʚʢʣʶʯʝʥʠʷ çʷʜʨʦè-çʦʙʦʣʦʯʢʫè ʧʨʠ 
ʩʧʝʢʘʥʠʠ ʢʦʤʧʦʟʠʪʘ. ɺʩʝ ʚʢʣʶʯʝʥʠʷ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ ʦʩʥʦʚʥʳʭ ʪʠʧʘ. ɺʢʣʶʯʝʥʠʷ 
ʧʝʨʚʦʛʦ ʪʠʧʘ ʩʦʩʪʦʷʪ ʠʟ ʙʦʣʴʰʦʛʦ ʷʜʨʘ, ʥʦ ʪʦʥʢʦʡ ʦʙʦʣʦʯʢʠ, ʪ.ʝ. d > (ʠʣʠ >>) l (ʚʩʪʘʚʢʘ ʥʘ 
ʨʠʩ. 2 (ʜ)). ɼʣʷ ʚʪʦʨʦʛʦ ʪʠʧʘ ʚʢʣʶʯʝʥʠʡ d ʠ l ʧʨʠʤʝʨʥʦ ʨʘʚʥʳ ʜʨʫʛ ʜʨʫʛʫ. ɺʦ ʚʢʣʶʯʝʥʠʷʭ 
ʪʨʝʪʴʝʛʦ ʪʠʧʘ ʧʨʝʦʙʣʘʜʘʝʪ ʦʙʦʣʦʯʢʘ, ʪ.ʝ. l > (ʠʣʠ >>) d (ʚʩʪʘʚʢʘ ʥʘ ʨʠʩ. 2 (ʞ)). ʇʨʠ 
ʫʚʝʣʠʯʝʥʠʠ x ʜʦʣʷ ʚʢʣʶʯʝʥʠʡ ʩ ʜʦʤʠʥʠʨʫʶʱʝʡ ʦʙʦʣʦʯʢʦʡ, ʘ ʪʘʢʞʝ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ 
ʚʢʣʶʯʝʥʠʡ ʚʠʟʫʘʣʴʥʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩ. 1. ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ (ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ) ʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ 
ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ Bi2Te3 ((ʘ) ʠ (ʙ)) ʠ Ni ((ʚ) ʠ (ʛ)), ʠ ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ (ʨʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ 
ʤʠʢʨʦʩʢʦʧʠʷ) ʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʢʦʤʧʦʟʠʪʘ ʩ x=1,25 ʘʪ. %, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʚʝʨʭʥʦʩʪʝʡ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʦ ((ʜ) ʠ (ʝ)) ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ((ʞ) ʠ (ʟ)) ʥʘʧʨʘʚʣʝʥʠʶ ʧʨʝʩʩʦʚʘʥʠʷ. ʅʘ 
ʚʩʪʘʚʢʘʭ ʢ ʨʠʩ. (e) ʠ (ʞ) - ʫʯʘʩʪʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʬʘʟʝ Ni ʠ ʬʘʟʝ NiTe2 
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ɺʩʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ Bi2Te3+xNi, ʚʢʣʶʯʘʷ ʫʜʝʣʴʥʦʝ 
ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (ɟ), ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ (S) ʠ ʧʦʣʥʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ (k), 
ʟʘʚʠʩʝʣʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʥʘʧʦʣʥʠʪʝʣʷ. ʏʪʦʙʳ ʫʯʝʩʪʴ ʵʬʬʝʢʪ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʷ, 
ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʟʤʝʨʷʣʠ ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʡ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ 
(ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʠʟʤʝʨʝʥʠʷ) ʠ ʧʘʨʘʣʣʝʣʴʥʳʭ (ʧʘʨʘʣʣʝʣʴʥʘʷ ʦʨʠʝʥʪʘʮʠʷ 
ʠʟʤʝʨʝʥʠʷ) ʥʘʧʨʘʚʣʝʥʠʶ ʧʨʝʩʩʦʚʘʥʠʷ. ʕʪʠ ʩʚʦʡʩʪʚʘ, ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 1. ɺʠʜʥʦ, ʯʪʦ ʦʥʠ ʩʣʦʞʥʳʤ ʦʙʨʘʟʦʤ ʟʘʚʠʩʷʪ ʦʪ 
ʩʦʜʝʨʞʘʥʠʷ ʥʘʧʦʣʥʠʪʝʣʷ, ʥʦ ʦʢʘʟʳʚʘʶʪʩʷ ʣʫʯʰʝ ʩʚʦʡʩʪʚ ʩʘʤʦʡ ʤʘʪʨʠʮʳ.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩ. 2. BSE-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʣʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (a) ʠ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Bi (ʙ), Te (ʚ) ʠ 
Ni (ʛ) ʜʣʷ ʢʦʤʧʦʟʠʪʘ ʩ x=1,25; BSE-ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʣʠʨʦʚʘʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʢʦʤʧʦʟʠʪʘ ʩ x=0,5 (ʜ) 
ʠ 1,25 ʘʪ. %. Ni (ʞ); BSE-ʠʟʦʙʨʘʞʝʥʠʝ ʚʢʣʶʯʝʥʠʷ ʥʘʧʦʣʥʠʪʝʣʷ Ni@NiTe2 (ʝ) ʠ ʧʨʦʬʠʣʠ ʩʢʘʥʠʨʦʚʘʥʠʷ 
(EDS) Te, Bi ʠ Ni, ʩʜʝʣʘʥʥʳʝ ʚʜʦʣʴ ʣʠʥʠʠ, ʧʝʨʝʩʝʢʘʶʱʝʡ ʚʢʣʶʯʝʥʠʝ, ʧʦʢʘʟʘʥʥʦʝ ʥʘ BSE-ʠʟʦʙʨʘʞʝʥʠʠ 

(ʟ). ʅʘ ʚʩʪʘʚʢʘʭ ʢ ʨʠʩ. (ʜ) ʠ (ʞ) – BSE-ʠʟʦʙʨʘʞʝʥʠʷ ʚʢʣʶʯʝʥʠʡ ʩ ʜʦʤʠʥʠʨʫʶʱʠʤ ʷʜʨʦʤ ʠ 
ʜʦʤʠʥʠʨʫʶʱʝʡ ʦʙʦʣʦʯʢʦʡ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 
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ʀʟʤʝʥʝʥʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 
ʩʪʝʧʝʥʴʶ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʷ, ʨʘʟʤʝʨʦʤ ʠ ʩʪʨʫʢʪʫʨʦʡ ʚʢʣʶʯʝʥʠʡ ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʵʣʝʢʪʨʦʥʦʚ. 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʢʣʶʯʝʥʠʡ çʷʜʨʦè-çʦʙʦʣʦʯʢʘè ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ 
ʫʧʨʘʚʣʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ʢʦʤʧʦʟʠʪʦʚ. 

ʊʘʙʣʠʮʘ 1. ʅʝʢʦʪʦʨʳʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ Bi2Te3+xNi ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

x LF ʆʨʠʝʥʪʘʮʠʷ ʠʟʤʝʨʝʥʠʷ ɟ [ʤʢʆʤĿʤ] S [ʤʢɺĿK-1] k [ɺʪĿʤ-1ĿK-

1] 
ZT 

0,00 0,02 
ʇʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ 23,01 -142,3 1,42 0,18 

ʇʘʨʘʣʣʝʣʴʥʘʷ 30,12 -142,4 1.37 0,15 

0,50 0,15 
ʇʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ 6,08 -134,2 1,57 0,56 

ʇʘʨʘʣʣʝʣʴʥʘʷ 26,22 -147,3 0,86 0,28 

0,85 0,17 
ʇʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ 8,93 -141,6 1,58 0,47 

ʇʘʨʘʣʣʝʣʴʥʘʷ 30,54 -146,4 0,79 0,26 

1,25 0,18 
ʇʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ 6,48 -124,8 1,46 0,45 

ʇʘʨʘʣʣʝʣʴʥʘʷ 18,63 -144,4 0,94 0,35 

1,50 0,12 
ʇʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ 8,42 -135,7 1,53 0,42 

ʇʘʨʘʣʣʝʣʴʥʘʷ 23,82 -144,4 0,79 0,32 

 
ʅʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ZTmaxå0,56 ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʢʦʤʧʦʟʠʪʫ ʩ x=0,5 ʘʪ.%  ʧʨʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʠʟʤʝʨʝʥʠʷ. ʊʦ ʝʩʪʴ, ʚ 
ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʙʦʣʝʝ ʯʝʤ ʪʨʝʭʢʨʘʪʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ZT (ʧʦ 
ʩʨʘʚʥʝʥʠʶ ʩ ~0,18 ʜʣʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ Bi2Te3) ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʚ 
ʢʦʤʧʦʟʠʪʘʭ. ʅʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ ʩ ʤʘʛʥʠʪʥʳʤʠ ʚʢʣʶʯʝʥʠʷʤʠ ʤʦʛʫʪ 
ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʣʠʷʪʴ ʤʥʦʛʠʝ ʬʠʟʠʯʝʩʢʠʝ ʤʝʭʘʥʠʟʤʳ. ɼʣʷ ʧʨʘʚʠʣʴʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ 
ʬʠʟʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ, ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʟʘ ʥʘʙʣʶʜʘʝʤʳʝ ʠʟʤʝʥʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʩʚʦʡʩʪʚ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʜʝʥʠʝ ʜʘʣʴʥʝʡʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ, 
ʧʨʦʝʢʪ ˉ 0625-2020-0015. 
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thermoelectric materials / Nat Nanotechnol. ï V. 12. ï 2017. ï P. 55-60.  

2. Zhao W., Liu Z., Sun Z., Zhang Q., Wei P., Mu X., Zhou H., Li C., Ma S., He D., Ji P., 
Zhu W., Nie X., Su X., Tang X., Shen B., Dong X., Yang J., Liu Y., Shi J. Superparamagnetic 
enhancement of thermoelectric performance / Nature. ï V. 13. ï 2017. ï  P. 247-251.  
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ʋɼʂ 546.05+537.622   

ʉʀʅʊɽɿ ʀ ʉɺʆʁʉʊɺɸ Y3-xCex(Fe1-yGaʫ)5O12 ɼʃʗ 
ʋʉʊʈʆʁʉʊɺ ʄɸɻʅʀʊʆʆʇʊʀʂʀ 

ʉʤʠʨʥʦʚʘ ʄ.ʅ. 

ʢ.ʭ.ʥ., ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʀʆʅʍ ʈɸʅ  

ʂʦʧʴʝʚʘ ʄ.ʅ. 

ʢ.ʭ.ʥ., ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʀʆʅʍ ʈɸʅ  

ʅʠʢʠʬʦʨʦʚʘ ɻ.ɽ. 

ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʀʆʅʍ ʈɸʅ  

ʂʝʮʢʦ ɺ.ɸ. 

ʜ.ʭ.ʥ., ʛʣʘʚʥʳʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʀʆʅʍ ʈɸʅ 

ɸʥʥʦʪʘʮʠʷ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʠʥʪʝʟʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Y3-

xCex(Fe0.5Ga0.5)5O12, ʥʘʮʝʣʝʥʥʳʝ ʥʘ ʜʦʩʪʠʞʝʥʠʝ ʧʨʝʜʝʣʴʥʦ ʚʦʟʤʦʞʥʦʛʦ ʟʘʤʝʱʝʥʠʷ Y3+ ʥʘ ʉe3+. 
ɿʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Fe3+ ʥʘ Ga3+ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:1 ʠ ʧʨʠʤʝʥʝʥʠʝ ʚʘʢʫʫʤʥʦʛʦ ʦʪʞʠʛʘ ʧʨʝʢʫʨʩʦʨʘ, 
ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʩʞʠʛʘʥʠʷ ʛʝʣʷ, ʧʦʟʚʦʣʠʣʦ ʧʦʚʳʩʠʪʴ ʩʦʜʝʨʞʘʥʠʝ ʮʝʨʠʷ ʚ ʩʪʨʫʢʪʫʨʝ 
ʛʨʘʥʘʪʘ ʜʦ 16.7% ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʠʪʪʨʠʶ ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠʤʝʩʠ CeO2. ʆʙʩʫʞʜʘʶʪʩʷ 
ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʉe3+ ʚ ʩʪʨʫʢʪʫʨʝ 
ʛʨʘʥʘʪʘ.  
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: Y3-xCex(Fe0.5Ga0.5)5O12, ʩʠʥʪʝʟ, ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ. 
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Abstract. The results of the synthesis and X-ray diffraction study of Y3-xCex (Fe0.5Ga0.5)5O12 solid 
solution aimed at revealing the maximum limit of substitution of Ce3+ for Y3+ are presented. The 

replacement of Fe3+ ions by Ga3+ in ratio 1:1 and the use of vacuum heat treatment of the precursor 

obtained by the gel combustion made it possible to increase the cerium content in the garnet structure to 
16.7% of yttrium without the formation of CeO2 impurities. Changes in the values of the magnetic 
characteristics depending on the ʉe3+ content in the garnet structure are discussed. 

Key words: Y3-xCex (Fe0.5Ga0.5)5O12, gel combustion, magnetic properties. 

 ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʠʥʪʝʟʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 
ʩʚʦʡʩʪʚ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Y3-xCex(Fe0.5Ga0.5)5O12, ʢʦʪʦʨʳʡ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 
ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʦʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ.  
 ʀʟʚʝʩʪʥʦ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ Y3+ ʥʘ ʉe3+ ʚ Y3Fe5O12 ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ 
ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ. ʆʜʥʘʢʦ ʧʨʘʢʪʠʯʝʩʢʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ 
ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʪʨʫʜʥʦʩʪʷʤʠ ʧʦʣʫʯʝʥʠʷ ʛʦʤʦʛʝʥʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Y3-xCexFe5O12. 
ʇʦʩʢʦʣʴʢʫ ʠʦʥʥʳʡ ʨʘʜʠʫʩ ʮʝʨʠʷ ʉe3+ ʙʦʣʴʰʝ ʠʪʪʨʠʷ Y3+, ʪʦ ʟʘʤʝʱʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ 
ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʛʨʘʥʘʪʘ ʠ ʧʦʷʚʣʝʥʠʶ ʧʨʠʤʝʩʥʳʭ ʬʘʟ. ʇʨʦʙʣʝʤʘ ʤʦʞʝʪ 
ʙʳʪʴ ʨʝʰʝʥʘ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʚ ʩʦʩʪʘʚ ɾʀɻ, ʚʤʝʩʪʝ ʩ Ce3+, ʠʦʥʦʚ ʩ ʤʘʣʳʤ ʨʘʜʠʫʩʦʤ, ʥʘʧʨʠʤʝʨ, 
ʢʘʪʠʦʥʦʚ Ga3+, ʯʪʦ ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʩʪʘʙʠʣʠʟʘʮʠʠ ʬʘʟʳ ʛʨʘʥʘʪʘ 
 ʅʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʈʌɸ ʚ ʜʦʢʣʘʜʝ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Fe3+ ʥʘ Ga3+ 
ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:1 ʠ ʧʨʠʤʝʥʝʥʠʝ ʚʘʢʫʫʤʥʦʛʦ ʦʪʞʠʛʘ ʧʨʝʢʫʨʩʦʨʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ 
ʩʞʠʛʘʥʠʷ ʛʝʣʷ, ʧʦʟʚʦʣʠʣʦ ʧʦʚʳʩʠʪʴ ʩʦʜʝʨʞʘʥʠʝ ʮʝʨʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʛʨʘʥʘʪʘ ʜʦ 16.7% ʧʦ 
ʦʪʥʦʰʝʥʠʶ ʢ ʠʪʪʨʠʶ ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠʤʝʩʠ CeO2. 

ʄʝʪʦʜʦʤ ʈʌɸ ʙʳʣʘ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʪʝʨʤʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ 
Y2.5Ce0.5(Fe0.5Ga0.5)5O12. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʚ ʚʘʢʫʫʤʝ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʪʝʨʤʠʯʝʩʢʦʡ 
ʦʙʨʘʙʦʪʢʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 7500 ʚ ʪʝʯʝʥʠʝ 5 ʯʘʩʦʚ ʚ ʦʙʨʘʟʮʝ ʥʝ ʦʙʥʘʨʫʞʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ 
ʧʨʠʤʝʩʥʳʭ ʬʘʟ.   

  ɺ ʜʦʢʣʘʜʝ ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʫʜʝʣʴʥʦʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ů =f(T) ʠ ʫʜʝʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 10-2/ɢ = f(T) 
ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ Y2,5ʉe0,5Fe2,5Ga0,5O12, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʦʪʞʠʛʝ ʚ ʚʘʢʫʫʤʝ ʠ 
ʦʪʦʞʞʝʥʥʳʭ ʧʦʩʣʝ ʚʘʢʫʫʤʥʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 7000ʉ ʚ ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ.  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ů =f(T) ʠ 10-2/ɢ = f(T) ʧʦʩʣʝ ʦʪʞʠʛʘ ʚ 
ʘʪʤʦʩʬʝʨʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʜʦʩʪʘʪʦʯʥʦ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʨʠ ʦʪʞʠʛʝ ʚ ʚʘʢʫʫʤʝ. ʊʘʢ, ʟʥʘʯʝʥʠʝ 
ʚʝʣʠʯʠʥʳ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨʳ ʞʠʜʢʦʛʦ ʘʟʦʪʘ ʫʚʝʣʠʯʠʣʦʩʴ ʩ 2,17 ʜʦ 
2,59 ɸĀʤ2Āʢʛ-1 (ʥʘ 19%).  ɺ ʠʪʦʛʝ, ʩʨʝʜʥʠʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʫʚʝʣʠʯʠʣʩʷ ʦʪ Õ80 ʂ = 0,62Õɺ ʜʦ Õ80ʂ 
= 0,66Õɺ (ʥʘ 6,5%).    ɺʝʣʠʯʠʥʘ ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʛʥʠʪʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʊʉ çʤʘʛʥʠʪʥʳʡ 
ʧʦʨʷʜʦʢ ï ʤʘʛʥʠʪʥʳʡ ʙʝʩʧʦʨʷʜʦʢè ʫʚʝʣʠʯʠʣʘʩʴ ʦʪ 340 ʜʦ 360 ʂ (ʥʘ 6%). ʕʬʬʝʢʪʠʚʥʘʷ 
ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ ï ɺʝʡʩʩʘ ʠʟʤʝʥʠʣʘʩʴ ʦʪ ẽtff =|- 570| K ʜʦ ẽtff =|- 650| K (ʥʘ 14%).   

 ʆʯʝʚʠʜʥʦ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʦʪʞʠʛʝ ʥʘ ʚʦʟʜʫʭʝ ʚ Y2,5ʉe0,5Fe2,5Ga0,5O12 

ʫʤʝʥʴʰʠʣʦʩʴ ʢʦʣʠʯʝʩʪʚʦ ʚʘʢʘʥʩʠʡ ʚ ʧʦʜʨʝʰʸʪʢʝ ʢʠʩʣʦʨʦʜʘ.   ʇʨʦʠʟʦʰʣʦ ʩʥʠʞʝʥʠʝ ʫʨʦʚʥʷ 
ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʦʤʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤʫ 
ʫʧʦʨʷʜʦʯʝʥʠʶ. ʇʦʩʢʦʣʴʢʫ ʤʘʛʥʠʪʥʘʷ ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ, ʜʘʞʝ ʚ ʩʣʫʯʘʝ ʩʣʦʞʥʳʭ ʤʘʛʥʠʪʥʳʭ 
ʩʪʨʫʢʪʫʨ ʥʝ ʩʦʚʧʘʜʘʶʱʘʷ ʧʦ ʨʘʟʤʝʨʘʤ ʩ ʵʣʝʤʝʥʪʘʨʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ, ʥʝʨʘʟʨʳʚʥʦ ʩʚʷʟʘʥʘ ʩ 
ʥʝʡ, ʪʦ ʧʨʦʠʟʦʰʣʦ ʫʩʠʣʝʥʠʝ ʦʙʤʝʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʢʘʢ ʙʣʠʞʥʠʭ, ʪʘʢ ʠ ʜʘʣʴʥʠʭ 
ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʬʝʨ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦ ʧʨʠʚʝʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʚ 
ʧʘʨʘʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʊʉ, ʠ ʫʚʝʣʠʯʝʥʠʶ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʩʨʝʜʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 
ʤʦʤʝʥʪʘ ʩʦʩʪʘʚʘ Y2,5ʉe0,5Fe2,5Ga0,5O12 ʚ ʮʝʣʦʤ. 

ʈʘʙʦʪʳ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ ˉ 19-08-00643 
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ʄʦʥʦʛʝʨʤʘʥʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 
ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ B20 ʜʘʚʥʦ ʧʨʠʚʣʝʢʘʶʪ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ (ʩʤ., ʥʘʧʨʠʤʝʨ, [1]). ʕʪʠ 
ʩʠʩʪʝʤʳ ʦʙʣʘʜʘʶʪ ʥʝʪʨʠʚʠʘʣʴʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ, ʪʦʧʦʣʦʛʠʯʝʩʢʠʤʠ ʠ ʪʨʘʥʩʧʦʨʪʥʳʤʠ ʩʚʦʡ-
ʩʪʚʘʤʠ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʦʩʥʦʚʦʡ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʦ-
ʚʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʢʦʚ ʠ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʩʧʠʥʪʨʦʥʠʢʠ, ʨʘʙʦʪʘʶʱʠʭ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘ-
ʪʫʨʝ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʩʠʥʪʝʟʠʨʦ-
ʚʘʥʥʳʭ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ ʬʘʟʘʭ B20-FeGe ʠ B20-MnGe ï ʢʘʢ ʪʝʦʨʝʪʠʯʝʩʢʠ ʥʘ ʦʩʥʦʚʝ ab 
initio ʨʘʩʯʝʪʦʚ ʤʝʪʦʜʦʤ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ, ʪʘʢ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩ ʧʦʤʦʱʴʶ ʜʠʬʬʝ-
ʨʝʥʮʠʘʣʴʥʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠʠ (ɼʉʂ).  

ʉ ʧʦʤʦʱʴʶ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ USPEX [2, 3] ʚʳʧʦʣʥʝʥ ʵʚʦʣʶʮʠʦʥʥʳʡ ʧʦʠʩʢ 
ʥʘʠʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʭ ʧʦʣʠʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ, ʜʣʷ ʢʦʪʦʨʳʭ ʟʘʪʝʤ ʚ ʨʘʤʢʘʭ 
ʢʚʘʟʠʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʦʧʨʝʜʝʣʝʥʳ ʦʙʣʘʩʪʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʥʘ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʝ 
ʜʘʚʣʝʥʠʝïʪʝʤʧʝʨʘʪʫʨʘ (P, T). ʀʟ ʥʘʰʠʭ ʨʘʩʯʝʪʦʚ ʩʣʝʜʫʝʪ, ʯʪʦ ʜʣʷ ʟʘʜʘʥʥʦʛʦ ʠʩʭʦʜʥʦʛʦ ʩʦ-
ʩʪʘʚʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʥʝʢʦʪʦʨʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʢʦʥʝʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʠ ʜʘʚʣʝʥʠʷʭ) ʤʦʞʝʪ 
ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʫʩʪʘʥʦʚʣʝʥʦ ʧʫʪʝʤ ʵʚʦʣʶʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʧʨʠ ʊ = 0, ʝʩʣʠ ʵʪʘ ʩʪʨʫʢʪʫʨʘ 
ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʚʳʭʦʜʥʦʤ ʩʧʠʩʢʝ ʥʠʟʢʦʣʝʞʘʱʠʭ ʩʦʩʪʦʷʥʠʡ. 

ɺ ʥʘʰʠʭ ʥʝʩʧʠʥ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʨʘʩʯʝʪʘʭ ʥʝʤʘʛʥʠʪʥʘʷ ʬʘʟʘ B20-FeGe ʷʚʣʷʝʪʩʷ ʦʩ-
ʥʦʚʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʠ ʦʩʪʘʝʪʩʷ ʩʪʘʙʠʣʴʥʦʡ ʢʘʢ ʤʠʥʠʤʫʤ ʜʦ ʜʘʚʣʝʥʠʡ ʧʦʨʷʜʢʘ 8 ɻʇʘ, ʯʪʦ ʥʝ 
ʧʨʦʪʠʚʦʨʝʯʠʪ ʨʘʥʝʝ ʠʟʚʝʩʪʥʦʡ ʠʥʬʦʨʤʘʮʠʠ. ʅʘʧʨʦʪʠʚ, ʚ ʩʣʫʯʘʝ ʥʝʤʘʛʥʠʪʥʦʛʦ MnGe ʥʝʦʞʠ-
ʜʘʥʥʦ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩ ʧʨʦ-
ʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ I4/mmm, ʩʦʚʝʨʰʝʥʥʦ ʥʝʦʙʳʯʥʦʡ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʩ 
ʬʦʨʤʫʣʦʡ AB. ʋʩʣʦʚʠʷ ʚʦʟʤʦʞʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʩʚʦʡʩʪʚʘ ʵʪʦʡ ʛʠʧʦʪʝʪʠʯʝʩʢʦʡ ʬʘʟʳ ʪʨʝ-
ʙʫʶʪ ʜʘʣʴʥʝʡʰʝʛʦ ʠʟʫʯʝʥʠʷ. 

ʉʧʠʥ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʝ ʨʘʩʯʝʪʳ ʧʨʠ ʥʫʣʝʚʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʥʦʨʤʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ 
ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʜʣʷ FeGe ʠ MnGe ʚ ʤʘʛʥʠʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʦʜʥʫ ʠ ʪʫ ʞʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 
ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʵʢʚʠʘʪʦʤʥʳʭ ʬʘʟ ʧʨʠ ʚʦʟʨʘʩʪʘʥʠʠ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ (ʵʥʪʘʣʴʧʠʠ). ɺ ʩʣʫ-
ʯʘʝ FeGe ʵʪʦʪ ʨʝʟʫʣʴʪʘʪ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʠʤʝʶʱʠʤʠʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 
ʜʘʥʥʳʤʠ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ MnGe ʥʘʤʠ ʦʙʥʘʨʫʞʝʥʳ ʥʦʚʳʝ ʧʦʣʠʤʦʨʬʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʜʦʧʦʣ-
ʥʝʥʠʝ ʢ ʠʟʚʝʩʪʥʦʡ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʬʘʟʝ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ B20-MnGe (ʪʘʙʣ. 1). ʕʪʠ ʬʘʟʳ ʥʝ 
ʥʘʙʣʶʜʘʣʠʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʵʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ çʤʝʜʣʝʥʥʦʡè 
ʢʠʥʝʪʠʢʦʡ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ. 

 

ʊʘʙʣʠʮʘ 1. ɺʳʯʠʩʣʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ MnGe ʚ ʤʘʛʥʠʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʧʦʨʷʜʢʝ ʚʦʟʨʘʩʪʘʥʠʷ ʵʥʝʨʛʠʠ ʥʘ 
ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ 

ʇʨʦʩʪʨ. ʛʨʫʧʧʘ ʉʠʤʤʝʪʨʠʷ ʇʨʦʪʦʪʠʧ ʕʥʝʨʛʠʷ (ʵɺ) ʇʣʦʪʥʦʩʪʴ (1/¡3) 

 ˉ 191       P6/mmm ʛʝʢʩ. CoSn (B35) ï6.8761 0.0657 

 ˉ 198 P213 ʢʫʙ. FeSi (B20) ï6.8576 0.0739 

ˉ 12 C2/m ʤʦʥ.      CoGe ï6.8040 0.0689 

ˉ 62 Pnma ʦʨʪ. MnP (B31) ï6.7877 0.0669 

ˉ 14 P21/c ʤʦʥ. ï ï6.7786 0.0729 

 

ʅʘ ʧʨʘʢʪʠʢʝ MnGe ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ FeGe ʦʪʩʫʪʩʪʚʠʝʤ ʵʢʚʠʘʪʦʤʥʳʭ ʬʘʟ 
ʥʦʨʤʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʚʳʩʦʢʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ, ʜʝʥʜʨʠʪʥʳʤ ʨʦʩʪʦʤ ʢʨʠʩʪʘʣ-
ʣʦʚ. ʆʜʥʘʢʦ ʥʘʰʠ ʩʧʠʥ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʝ ʨʘʩʯʝʪʳ ʥʝ ʚʳʷʚʠʣʠ ʢʘʯʝʩʪʚʝʥʥʦʡ ʨʘʟʥʠʮʳ ʤʝʞʜʫ 
ʵʪʠʤʠ ʜʚʫʤʷ ʤʦʥʦʛʝʨʤʘʥʠʜʘʤʠ. ʅʘʧʨʦʪʠʚ, ʦʥʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʪʝ ʞʝ ʥʠʟʢʦʣʝʞʘʱʠʝ ʧʦʣʠ-
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ʤʦʨʬʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ, ʢʦʪʦʨʳʝ ʫʧʦʨʷʜʦʯʝʥʳ ʚ ʪʝ ʞʝ ʠʝʨʘʨʭʠʯʝʩʢʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʦ 
ʦʪʥʦʰʝʥʠʶ ʢ ʚʦʟʨʘʩʪʘʥʠʶ ʵʥʪʘʣʴʧʠʠ ʠʣʠ ʧʣʦʪʥʦʩʪʠ (ʜʘʚʣʝʥʠʷ). ʕʪʦ ʧʦʙʫʜʠʣʦ ʥʘʩ ʵʢʩʧʝʨʠ-
ʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʬʘʟ B20-
MnGe ʠ B20-FeGe. ʆʧʠʩʘʥʠʝ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ ʦʙʨʘʟʮʦʚ ʧʨʠʚʦʜʠʪʩʷ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [4]. 
ʄʳ ʚʳʧʦʣʥʠʣʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʬʘʟ ʤʝʪʦʜʦʤ ɼʉʂ. ɺ 
ʩʠʩʪʝʤʘʭ MnïGe ʠ FeïGe ʨʘʩʩʤʦʪʨʝʥʳ ʧʣʘʚʣʝʥʠʝ ʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʨʘʟʣʦʞʝʥʠʝ ʠ ʠʥʢʦʥʛʨʫ-
ʵʥʪʥʳʝ ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ, ʘ ʪʘʢʞʝ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʚʦʟʥʠʢʘ-
ʶʱʠʭ ʬʘʟ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʥʘʛʨʝʚʝ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 310 ʜʦ 
1573 ʂ ʠ ʧʦʩʣʝʜʫʶʱʝʤ ʦʭʣʘʞʜʝʥʠʠ ʩʦ ʩʢʦʨʦʩʪʷʤʠ 10 ʂ/ʤʠʥ. ʇʨʦʚʦʜʠʣʩʷ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨ-
ʥʳʡ ʘʥʘʣʠʟ (ʈʉɸ) ʢʘʢ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ, ʪʘʢ ʠ ʦʙʨʘʟ-
ʮʦʚ ʧʦʩʣʝ ɼʉʂ-ʠʟʤʝʨʝʥʠʡ.  

ʇʦ ʠʟʤʝʨʝʥʥʳʤ ɼʉʂ-ʪʝʨʤʦʛʨʘʤʤʘʤ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘ-
ʱʝʥʠʡ, ʢʦʪʦʨʳʝ ʩʨʘʚʥʠʚʘʣʠʩʴ ʩ ʠʟʚʝʩʪʥʳʤʠ ʜʠʘʛʨʘʤʤʘʤʠ ʨʘʚʥʦʚʝʩʥʳʭ ʩʦʩʪʦʷʥʠʡ (ɼʈʉ). 
ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʉɸ, ʠʩʭʦʜʥʳʡ ʦʙʨʘʟʝʮ FeGe c ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ B20, ʩʠʥʪʝʟʠʨʦ-
ʚʘʥʥʳʡ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ, ʧʨʝʪʝʨʧʝʚʘʝʪ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʜʨʫʛʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 
ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ, ʯʝʤ ʬʘʟʘ B20-FeGe, ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ.  

ʇʦʩʣʝ ɼʉʂ-ʥʘʛʨʝʚʘ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʪʘʢʞʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʦʚ. ʅʘ ʨʠʩ. 2 ʧʨʠʚʝ-
ʜʝʥʳ ʦʧʪʠʯʝʩʢʠʝ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʦʙʨʘʟʮʘ FeGe. ɺʠʜʥʦ, ʯʪʦ ʦʙʨʘʟʝʮ ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 
ʥʘ ʣʝʚʦʤ ʨʠʩʫʥʢʝ ʩʦʩʪʦʠʪ ʠʟ ʪʨʝʭ ʩʪʨʫʢʪʫʨʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ: ʵʪʦ ʢʨʠʩʪʘʣʣʳ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ 
ɖ-ʬʘʟʳ (ʩʚʝʪʣʳʝ ʦʙʣʘʩʪʠ), ʢʨʠʩʪʘʣʣʳ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʳ FeGe2 ʠ ʵʚʪʝʢʪʠʯʝʩʢʠʝ ʢʦʣʦʥʠʠ, 
ʦʙʨʘʟʦʚʘʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʦʚʤʝʩʪʥʦʛʦ ʨʦʩʪʘ ʬʘʟ ɖ ʠ FeGe2. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʥʘ ʧʨʘʚʦʤ ʨʠ-
ʩʫʥʢʝ ʧʨʠʚʝʜʝʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ B20-FeGe (ʜʦ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ). ʀʟ ʨʠ-
ʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʧʦʚʳʰʝʥʥʫʶ ʜʝʬʝʢʪʥʦʩʪʴ ʦʙʨʘʟʮʘ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʬʘʟʳ, ʜʘʥ-
ʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʜʥʦʬʘʟʥʘʷ.  

 

  

ʈʠʩ. 2. ʆʧʪʠʯʝʩʢʠʝ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ ʦʙ-
ʨʘʟʮʘ FeGe ʧʦʩʣʝ (ʩʣʝʚʘ) ʠ ʜʦ (ʩʧʨʘʚʘ) ʥʘʛʨʝʚʘ ʤʝʪʦʜʦʤ ɼʉʂ. 

 

ʅʘʰʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʪʝʨʤʦʛʨʘʤʤʳ FeGe ʠ MnGe ʢʘʯʝʩʪʚʝʥʥʦ ʩʭʦʞʠ ʧʦ ʚʠʜʫ. ʅʘ 
ʥʘʯʘʣʴʥʦʤ ʫʯʘʩʪʢʝ ʢʨʠʚʦʡ ʥʘʛʨʝʚʘ ʠʤʝʝʪʩʷ ʦʯʝʥʴ ʩʣʘʙʦʝ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʝ ʧʣʝʯʦ, ʦʪʚʝʯʘʶʱʝʝ 
ʧʝʨʝʭʦʜʫ ʚ ʜʨʫʛʫʶ ʵʢʚʠʘʪʦʤʥʫʶ ʬʘʟʫ. ʅʘʙʣʶʜʘʝʤʘʷ ʥʘʤʠ ʪʝʨʤʦʩʪʘʙʠʣʴʥʦʩʪʴ ʬʘʟʳ ɺ20-
FeGe, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʙʣʠʟʢʘ ʢ ʟʥʘʯʝʥʠʷʤ ʜʣʷ ʬʘʟʳ, ʧʦʣʫʯʝʥʥʦʡ ʤʝʭʘʥʠʯʝ-
ʩʢʠʤ ʧʦʤʦʣʦʤ [5], ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʠʤʦʨʬʥʦʤʫ ʧʨʝʚʨʘʱʝʥʠʶ B20ŸB35. ʆʜʥʘʢʦ ʚʳʩʦʢʦ-
ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʬʘʟʘ B35-FeGe ʤʝʥʝʝ ʪʝʨʤʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʘ, ʯʝʤ ʠʟʦʩʪʨʫʢʪʫʨʥʘʷ ʝʡ ʨʘʚʥʦ-
ʚʝʩʥʘʷ ʬʘʟʘ. ʅʘʧʨʦʪʠʚ, ʤʝʪʘʩʪʘʙʠʣʴʥʘʷ ʬʘʟʘ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ B20-MnGe ʙʦʣʝʝ ʪʝʨʤʠʯʝʩʢʠ 
ʩʪʘʙʠʣʴʥʘ, ʯʝʤ ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ [5].  
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ʅʝʢʦʪʦʨʳʝ ʠʟ ʧʦʩʣʝʜʫʶʱʠʭ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʜʣʷ ʦʙʦʠʭ ʛʝʨʤʘʥʠʜʦʚ ʥʝ ʩʦ-
ʦʪʚʝʪʩʪʚʫʶʪ ʠʟʚʝʩʪʥʳʤ ɼʈʉ. ʕʪʠ ʨʘʩʭʦʞʜʝʥʠʷ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʳ ʩ ʤʝʪʘʩʪʘʙʠʣʴʥʳʤ 
ʭʘʨʘʢʪʝʨʦʤ ʠ ʦʩʪʘʪʦʯʥʳʤʠ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʷʤʠ, ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʬʘʟ ʚʳ-
ʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʢʘʣʦʨʠʤʝʪʨʠʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩʚʦʡ-
ʩʪʚʘ ʠʩʩʣʝʜʫʝʤʳʭ ʩʠʩʪʝʤ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʤʝʪʦʜʘ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʠ ʧʨʝʜʳʩʪʦʨʠʠ ʦʙ-
ʨʘʟʮʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʨʘʟʣʠʯʠʝ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ B20-FeGe ʠ B20-MnGe, ʜʣʷ ʦʙʝʠʭ 
ʬʘʟ ʭʘʨʘʢʪʝʨʥʦ ʪʦ, ʯʪʦ ʧʝʨʝʭʦʜ ʠʟ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʨʘʚʥʦʚʝʩʥʦʝ ʧʨʦʠʩʭʦʜʠʪ ʥʝ 
ʩʨʘʟʫ (ʚ ʦʜʠʥ ʵʪʘʧ), ʘ ʯʝʨʝʟ ʘʥʘʣʦʛʠʯʥʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ. 
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ʈʅʌ ˉ 18-12-00438 ʠ ˉ 17-12-01050). 
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ɸʥʥʦʪʘʮʠʷ. ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʪʨʫʢʪʫʨʥʳʭ ʠ 
ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ Fe2Ni1+xGa1-x (x = 0, 0.25, 0.5, 0.75, 1). ʄʦʜʝʣʠʨʦʚʘʥʠʝ 
ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʜʭʦʜʘ ʩʫʧʝʨʷʯʝʝʢ. 
ʉ ʧʦʤʦʱʴʶ ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʭ ʨʘʩʯʸʪʦʚ ʧʦʣʫʯʝʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ, 
ʨʘʚʥʦʚʝʩʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʦʢ, ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʠ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 
ʘʥʠʟʦʪʨʦʧʠʷ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʩʩʤʦʪʨʝʥʠʝ ʥʝʜʘʚʥʦ ʧʨʝʜʣʦʞʝʥʥʦʡ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʦʙʣʘʜʘʶʱʝʡ ʧʦʩʣʦʡʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʘʥʝʝ 
ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʤʘʪʝʨʠʘʣ ʩ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʙʫʜʝʪ 
ʦʙʣʘʜʘʪʴ ʙʦʣʴʰʦʡ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʠ ʩʤʦʞʝʪ ʩʦʩʪʘʚʠʪʴ 
ʢʦʥʢʫʨʝʥʮʠʶ ʩʫʱʝʩʪʚʫʶʱʠʤ ʧʦʩʪʦʷʥʥʳʤ ʤʘʛʥʠʪʘʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ, ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʝ ʤʝʪʦʜʳ, ab initio, 
ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʧʦʩʪʦʷʥʥʳʝ ʤʘʛʥʠʪʳ 

 

STRUCTURAL AND MAGNETIC PROPERTIES OF Fe-Ni-Ga 
HEUSLER ALLOYS 

Miroshkina O.N. 

junior researcher, 
condensed matter physics department, Chelyabinsk State University 

Sokolovskiy V.V. 

Dr.Sc., associate professor, 
condensed matter physics department, Chelyabinsk State University 

Buchelnikov V.D. 

Dr.Sc., professor,  
chief of condensed matter physics department, Chelyabinsk State University 

 

Annotation. This work is devoted to the theoretical study of the structural and magnetic properties 
of Fe2Ni1+xGa1-x (x = 0, 0.25, 0.5, 0.75, 1) Heusler alloys. The modeling was performed within the 
framework of the density functional theory using the supercell approach. Structural phase 
diagrams, equilibrium lattice parameters, magnetic moments, and magnetocrystalline anisotropy 
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were calculated using ab initio calculations. A distinguishing feature of this work is the 
consideration of a recently proposed crystal structure with layered ordering. Based on previous 
studies, it is assumed that a material with such a structure will have a large magnetocrystalline 
anisotropy and can compete with existing permanent magnets. 

Keywords: Heusler alloys, first-principles methods, ab initio methods, magnetocrystalline 
anisotropy, permanent magnets 

 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʧʨʠʢʣʘʜʥʳʭ ʪʝʭʥʦʣʦʛʠʷʭ ʦʯʝʥʴ ʚʳʩʦʢ ʩʧʨʦʩ ʥʘ ʤʘʛʥʠʪʦʪʚʝʨʜʳʝ 
ʤʘʪʝʨʠʘʣʳ, ʢ ʢʦʪʦʨʳʤ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʪʥʦʩʷʪ ʧʦʩʪʦʷʥʥʳʝ ʤʘʛʥʠʪʳ. ʊʘʢʠʝ ʤʘʪʝʨʠʘʣʳ 
ʚʦʩʪʨʝʙʦʚʘʥʳ ʧʨʠ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʩʦʟʜʘʥʠʠ ʵʣʝʢʪʨʦʤʦʙʠʣʝʡ, ʘʚʠʘʪʝʭʥʠʢʠ, 
ʚʝʪʨʷʥʳʭ ʪʫʨʙʠʥ, ʨʘʟʣʠʯʥʳʭ ʧʨʠʚʦʜʦʚ, ʟʘʧʦʤʠʥʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʠ ʜʨ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ 
ʩʘʤʳʤʠ ʧʦʧʫʣʷʨʥʳʤʠ ʧʦʩʪʦʷʥʥʳʤʠ ʤʘʛʥʠʪʘʤʠ ʷʚʣʷʶʪʩʷ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ 
ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʦʜʥʘʢʦ, ʩʪʦʠʤʦʩʪʴ ʪʘʢʠʭ ʤʘʛʥʠʪʦʚ ʦʯʝʥʴ ʚʳʩʦʢʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ 
ʘʢʪʫʘʣʴʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʧʨʦʩ ʧʦʠʩʢʘ ʠ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʙʝʟʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʧʦʩʪʦʷʥʥʳʭ 
ʤʘʛʥʠʪʦʚ. Fe-ʩʦʜʝʨʞʘʱʠʝ ʩʦʝʜʠʥʝʥʠʷ ʩʯʠʪʘʶʪʩʷ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʠ 
ʰʠʨʦʢʦ ʠʩʩʣʝʜʫʶʪʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ [1-3]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ Fe2Ni1+xGa1-x (x = 0, 
0.25, 0.5, 0.75, 1). ɺʳʯʠʩʣʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ VASP [4,5]. ʉʪʨʫʢʪʫʨʥʳʝ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʧʦʣʫʯʝʥʳ 
ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʙʣʠʞʝʥʠʡ ʦʙʦʙʱʝʥʥʦʛʦ ʛʨʘʜʠʝʥʪʘ (GGA-PBE) [6] ʠ ʤʝʪʘ-ʦʙʦʙʱʝʥʥʦʛʦ 
ʛʨʘʜʠʝʥʪʘ (meta-GGA-SCAN) [7]. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʠ 
ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʜʚʫʭ ʧʨʠʙʣʠʞʝʥʠʡ. ɺʳʙʦʨ Ὧ-ʪʦʯʝʢ ʚʳʧʦʣʥʝʥ 
ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ ʄʦʥʢʭʦʨʩʪʘ-ʇʘʢʘ ʥʘ ʩʝʪʢʝ 8Ĭ8Ĭ8. ʇʩʝʚʜʦʧʦʪʝʥʮʠʘʣʳ 
ʚʟʷʪʳ ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ: 3p63d74s1 ʜʣʷ Fe, 3p63d94s1 ʜʣʷ Ni ʠ 
3d104s24p1 ʜʣʷ Ga. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥʘ 16-ʘʪʦʤʥʘʷ ʩʫʧʝʨʷʯʝʡʢʘ, ʧʦʟʚʦʣʷʶʱʘʷ 
ʫʩʪʘʥʦʚʠʪʴ ʰʘʛ ʧʦ ʢʦʥʮʝʥʪʨʘʮʠʠ x = 0.25. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʥʘʠʙʦʣʝʝ ʚʳʛʦʜʥʫʶ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʬʘʟʫ, ʨʘʩʩʤʦʪʨʝʥʳ ʧʨʷʤʘʷ ʠ ʦʙʨʘʪʥʘʷ ʛʝʡʩʣʝʨʦʚʩʢʠʝ L21 ʩʪʨʫʢʪʫʨʳ, ʘ 
ʪʘʢʞʝ ʥʝʜʘʚʥʦ ʧʨʝʜʣʦʞʝʥʥʘʷ Tp ʩʪʨʫʢʪʫʨʘ [8], ʧʦʩʪʨʦʝʥʥʘʷ ʥʘ ʙʘʟʝ L21 (ʨʠʩ. 1). ɼʘʥʥʘʷ 
ʩʪʨʫʢʪʫʨʘ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʘʢ ʯʝʨʝʜʫʶʱʠʝʩʷ ʧʣʦʩʢʦʩʪʠ ʘʪʦʤʦʚ Fe ʠ Ni, ʤʝʞʜʫ 
ʢʦʪʦʨʳʤʠ ʥʘʭʦʜʷʪʩʷ ʧʣʦʩʢʦʩʪʠ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʰʘʭʤʘʪʥʦʤ ʧʦʨʷʜʢʝ ʘʪʦʤʦʚ Fe ʠ Ga. 

  

 

ʈʠʩ. 1. ʊʠʧʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʩʯʸʪʘʭ 

 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʩʧʣʘʚʦʚ Fe2Ni1+xGa1-x 
(x = 0, 0.25, 0.5, 0.75, 1). ɿʘʚʠʩʠʤʦʩʪʠ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 
ʩʪʨʫʢʪʫʨ ʦʪ ʩʪʝʧʝʥʠ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ ʠʩʢʘʞʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. ʄʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ 
ʧʨʝʜʣʦʞʝʥʥʘʷ Tp ʩʪʨʫʢʪʫʨʘ ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦʡ ʜʣʷ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ 
ʢʦʤʧʦʟʠʮʠʠ Fe2NiGa. ʉʦʛʣʘʩʥʦ ʬʫʥʢʮʠʦʥʘʣʫ PBE, ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ Ni ʜʦ ὼ = 0.25 

ǔǓǓǓ-2021 1-63 ǘǬǱǽǯȆ 1. ǔǵǩȂǬ ǳǧǪǴǯǹǴȂǬ ǳǧǹǬǷǯǧǲȂ...



 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʩʪʨʫʢʪʫʨʳ ʦʪ ʩʪʝʧʝʥʠ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ ʠʩʢʘʞʝʥʠʡ c/a 
ʜʣʷ ʩʧʣʘʚʦʚ Fe2Ni1+xGa1-x (x = 0, 0.25, 0.5, 0.75, 1). ʈʘʟʥʠʮʘ ʵʥʝʨʛʠʡ ʚʟʷʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʨʘʪʥʦʡ L21 

ʩʪʨʫʢʪʫʨʳ 

ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʥʝ ʘʪʦʤʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ, ʪʦʛʜʘ ʢʘʢ SCAN, ʥʘʧʨʦʪʠʚ, ʧʨʝʜʩʢʘʟʳʚʘʝʪ, ʯʪʦ 
ʫʞʝ ʧʨʠ ʪʘʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ Ni ʚʳʛʦʜʥʦʡ ʩʪʘʥʦʚʠʪʩʷ ʦʙʨʘʪʥʘʷ L21 ʩʪʨʫʢʪʫʨʘ. ʉʦʝʜʠʥʝʥʠʷ 
Fe2NiGa ʠ Fe2Ni1.25Ga0.75 ʫʩʪʦʡʯʠʚʳ ʢ ʪʝʪʨʘʛʦʥʘʣʴʥʳʤ ʠʩʢʘʞʝʥʠʷʤ, ʪʦʛʜʘ ʢʘʢ ʜʘʣʴʥʝʡʰʝʝ 
ʫʚʝʣʠʯʝʥʠʝ ʠʟʙʳʪʢʘ Ni ʧʨʠʚʦʜʠʪ ʢ ʥʘʣʠʯʠʶ ʤʘʨʪʝʥʩʠʪʥʦʡ ʬʘʟʳ ʚ ʩʧʣʘʚʘʭ Fe2Ni1+xGa1-x 
ʧʨʠ x  0.5. 

ʉʪʨʫʢʪʫʨʥʳʝ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʧʣʘʚʦʚ Fe2Ni1+xGa1-x (x = 0, 0.25, 0.5, 0.75, 1) ʚ 
ʘʫʩʪʝʥʠʪʥʦʡ ʬʘʟʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 1. ʄʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʧʘʨʘʤʝʪʨ ʨʝʰʸʪʢʠ ʫʤʝʥʴʰʘʝʪʩʷ 
ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ Ni. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʬʫʥʢʮʠʦʥʘʣ SCAN ʚ ʮʝʣʦʤ ʜʘʸʪ ʤʝʥʴʰʠʝ 
ʟʥʘʯʝʥʠʷ a0 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ PBE. ɺʣʠʷʥʠʝ ʜʦʙʘʚʢʠ ʠʟʙʳʪʦʯʥʳʭ ʘʪʦʤʦʚ Ni ʥʘ ʤʘʛʥʠʪʥʳʝ 
ʩʚʦʡʩʪʚʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʝʨʠʠ ʚʳʨʘʞʘʝʪʩʷ ʚ ʫʚʝʣʠʯʝʥʠʠ ʧʦʣʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. 
ʄʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʤʢʘʭ ʤʝʪʘ-GGA ʧʦʜʭʦʜʘ, ʷʚʣʷʶʪʩʷ ʟʘʚʳʰʝʥʥʳʤʠ ʧʦ 
ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʘʤʢʘʭ GGA.  

 

ʊʘʙʣʠʮʘ 1. ʈʘʚʥʦʚʝʩʥʘʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʨʘʚʥʦʚʝʩʥʳʡ ʧʘʨʘʤʝʪʨ ʨʝʰʸʪʢʠ a0 ʚ Å ʠ 
ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ɛtot ʚ ɛB/ʬ.ʝ. ʜʣʷ ʩʧʣʘʚʦʚ Fe2Ni1+xGa1-x (x = 0, 0.25, 0.5, 0.75, 1) ʚ ʘʫʩʪʝʥʠʪʥʦʡ 

ʬʘʟʝ, ʚʳʯʠʩʣʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʬʫʥʢʮʠʦʥʘʣʦʚ PBE ʠ SCAN 

ʂʦʤʧʦʟʠʮʠʷ 
PBE SCAN 

ʉʪʨʫʢʪʫʨʘ a0 ɛtot ʉʪʨʫʢʪʫʨʘ a0 ɛtot 

Fe2NiGa Tp 5.759 4.92 Tp 5.688 5.42 

Fe2Ni1.25Ga0.75 Tp 5.756 5.01 
ʦʙʨʘʪʥʘʷ 

L21 
5.680 6.05 

Fe2Ni1.5Ga0.5 
ʦʙʨʘʪʥʘʷ 

L21 
5.711 5.81 

ʦʙʨʘʪʥʘʷ 
L21 

5.671 6.46 
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Fe2Ni1.75Ga0.25 
ʦʙʨʘʪʥʘʷ 

L21 
5.682 6.24 

ʦʙʨʘʪʥʘʷ 
L21 

5.624 6.90 

FeNi 
ʦʙʨʘʪʥʘʷ 

L21 
5.656 6.65 

ʦʙʨʘʪʥʘʷ 
L21 

5.606 7.24 

ɸʥʘʣʦʛʠʯʥʘʷ ʪʝʥʜʝʥʮʠʷ ʚ ʧʦʚʝʜʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʧʦʣʫʯʝʥʘ ʜʣʷ ʤʘʨʪʝʥʩʠʪʥʳʭ 
ʬʘʟ ʩʧʣʘʚʦʚ Fe2Ni1+xGa1-x, ʛʜʝ x = 0.5, 0.75 ʠ 1. ʉʦʦʪʥʦʰʝʥʠʷ ʪʝʪʨʘʛʦʥʘʣʴʥʦʩʪʠ ʤʘʨʪʝʥʩʠʪʘ 
ʜʣʷ ʩʧʣʘʚʦʚ Fe2Ni1.5Ga0.5 ʠ FeNi ʨʘʚʥʦ 1.45 ʠ 1.4, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʦʛʣʘʩʥʦ ʦʙʦʠʤ 
ʠʩʧʦʣʴʟʫʝʤʳʤ ʬʫʥʢʮʠʦʥʘʣʘʤ. ʈʘʩʭʦʞʜʝʥʠʝ ʧʦʣʫʯʝʥʦ ʚ ʩʣʫʯʘʝ ʢʦʤʧʦʟʠʮʠʠ x = 0.75, ʜʣʷ 
ʢʦʪʦʨʦʡ PBE ʧʨʝʜʩʢʘʟʳʚʘʝʪ c/a = 1.45, ʘ SCAN ï c/a = 1.4. 

ʆʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʩʚʦʡʩʪʚ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʘʷ 
ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ. ɼʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʝʨʠʠ ʩʧʣʘʚʦʚ ʚʳʧʦʣʥʝʥʳ 
ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʧʦʢʘʟʘʥʦ, 
ʯʪʦ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʩʧʣʘʚʘʭ ʩ Tp ʩʪʨʫʢʪʫʨʦʡ ʚʳʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
ʜʨʫʛʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ. ʇʦʣʫʯʝʥʥʦʝ ʜʣʷ ʪʝʪʨʘʪʝʥʠʪʘ FeNi ʟʥʘʯʝʥʠʝ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 
ʘʥʠʟʦʪʨʦʧʠʠ 0.587 ʄɼʞ/ʤ3 ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ [9]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʠ ʏʝʣʷʙʠʥʩʢʦʡ ʦʙʣʘʩʪʠ ʚ 
ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-42-74003\20 (ʩʧʣʘʚʳ Fe2NiGa, Fe2Ni1.25Ga0.75 ʠ Fe2Ni0.5Ga0.25) ʠ 
ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ˉ 075-
00250-20-03 (ʩʧʣʘʚʳ Fe2Ni1.75Ga0.25 ʠ FeNi). 
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ʄɸɻʅʀʊʅʓɽ ʉɺʆʁʉʊɺɸ ɹʀʅɸʈʅʓʍ  
ʄʋʃʔʊʀʌɽʈʈʆʀʂʆɺ (1-x)BiFeO3ïxRMnO3, ɻɼɽ R = Sc ʀʃʀ Y 

 
ʄʠʭʘʡʣʦʚ ɺ.ʀ. 
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ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʫʯʨʝʞʜʝʥʠʝ çɼʦʥʝʮʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ɸ. ɻʘʣʢʠʥʘè 
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ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʥʘʫʯ. ʩʦʪʨ. 
ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʅɸʅ ʋʢʨʘʠʥʳ 

 

ɸʥʥʦʪʘʮʠʷ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʠʟʫʯʝʥʳ ʧʝʪʣʠ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ, ʧʦʣʫʯʝʥʥʳʝ 
ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 0 ÷ ± 2,5 ʢʕ ʜʣʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ (1-ʭ)BiFeO3–xRMnO3, ʛʜʝ 
R = Sc ʠʣʠ Y (0.05ÒxÒ0.4), ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦ ʥʠʪʨʘʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩ ʦʪʞʠʛʦʤ ʧʨʠ 
850 Áʉ 10 ʤʠʥʫʪ. ɼʘʥʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʦʙʣʘʜʘʶʪ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʨʠ 
ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺʝʣʠʯʠʥʘ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʜʣʷ ʥʠʭ ʨʘʟʣʠʯʥʘ: Hc ~ 7,5ï90 ʕ ʜʣʷ 
(1-ʭ)BiFeO3–xScMnO3 ʠ ~ 5,2ï44,8 ʕ ʜʣʷ (1-ʭ)BiFeO3–xYMnO3. ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦ-
ʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M(x) ʧʨʠ H=2,5 ʢʕ ʜʣʷ ʩʠʩʪʝʤ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠʤʝʶʪ ʵʢʩʪʨʝʤʫʤ. 
ʄʘʢʩʠʤʘʣʴʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʙʣʶʜʘʣʘʩʴ ʚ ʩʦʩʪʘʚʘʭ 0.8BiFeO3–0.2ScMnO3 ʠ 
0.85BiFeO3–0.15YMnO3. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʭ ʄ(ʭ) ʫʤʝʥʴʰʘʝʪʩʷ. 

 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ, ʬʝʨʨʦʤʘʛʥʝʪʠʢʠ, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ, ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ 
ʤʘʛʥʠʪʥʳʭ ʬʘʟ 
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Annotation. In this work we studied magnetic hysteresis loops, obtained in magnetic fields 
of 0 ÷ ± 2,5 kOe for ceramic multiferroics (1-x)BiFeO3–xRMnO3, where R = Sc or Y (0.05ÒxÒ0.4), 
sintered by the nitrate process with annealing at 850 °ʉ 10 min. These solid solutions are ferro-
magnetic at room temperature. The magnitude of the coercive force for them is different: Hc ~ 7,5–
90 Oe for (1-x)BiFeO3–xScMnO3 and ~ 5,2–44,8 Oe for (1-x)BiFeO3–xYMnO3. The concentration 
dependences of the magnetization M(x) at H = 2.5 kOe for both systems of solid solutions have a 
similar shape. The maximum magnetization was observed in the compositions 0.8BiFeO3–
0.2ScMnO3 and 0.85BiFeO3–0.15YMnO3. With a further increase in x M(x) decreases. 

Keywords: multiferroics, ferromagnets, magnetization, coexistence of magnetic phases  

 
ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʦʷʚʠʣʦʩʴ ʤʥʦʛʦ ʨʘʙʦʪ ʧʦ ʩʠʩʪʝʤʘʤ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʦʩʥʦʚʝ 

BiFeO3 [1-5]. ʀʥʪʝʨʝʩ ʢ ʜʘʥʥʦʡ ʪʝʤʘʪʠʢʝ ʦʙʫʩʣʦʚʣʝʥ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ 
ʩʚʦʡʩʪʚʘʤʠ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʦʞʠʜʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠ-
ʤʝʥʝʥʠʡ ʚ ʪʘʢʠʭ ʦʙʣʘʩʪʷʭ ʢʘʢ ʩʧʠʥʪʨʦʥʠʢʘ, ʩʠʩʪʝʤʳ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ, ʩʝʥʩʦʨʥʘʷ ʪʝʭ-
ʥʠʢʘ. 

ʉʦʝʜʠʥʝʥʠʷ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ BiFeO3 (BFO), YMnO3 (YMO) ʠ ScMnO3 (ScMO) 
ʷʚʣʷʶʪʩʷ ʤʫʣʴʪʠʬʝʨʨʦʠʢʘʤʠ 1-ʛʦ ʪʠʧʘ ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʝʤʧʝʨʘʪʫʨ ʩʝʛʥʝʪʦʵʣʝʢ-
ʪʨʠʯʝʩʢʦʛʦ TFE ʠ ʤʘʛʥʠʪʥʦʛʦ TN ʫʧʦʨʷʜʦʯʝʥʠʡ: BFO (~1100 K, 643 K), YMO (~ 920 K, ~70 ʂ), 
ScMO (~914 K, ~130 K). ɺ ʵʪʠʭ ʤʫʣʴʪʠʬʝʨʨʦʠʢʘʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʦ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ ʙʦ-
ʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʝʤ ʤʘʛʥʝʪʠʟʤ. ʉʧʦʥʪʘʥʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ P ʯʘʩʪʦ ʜʦʩʪʠʛʘʝʪ ʚʝʣʠ-
ʯʠʥʳ ʧʦʨʷʜʢʘ 10-100 ɛC/cm2 (ʚ ʧʣʝʥʢʘʭ).  

ʅʘʤʠ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ, ʚ ʢʦʪʦʨʳʭ ʚ ʢʘʯʝ-
ʩʪʚʝ ʚʪʦʨʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʢ BiFeO3 ʚʳʩʪʫʧʘʶʪ ʛʝʢʩʘʛʦʥʘʣʴʥʳʝ ʤʘʥʛʘʥʠʪʳ hex-RMnO3, ʛʜʝ 
R= Sc ʠʣʠ Y. ʉʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ BFOïYMO ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦ 
ʦʧʠʩʘʥʳ ʚ ʨʘʙʦʪʘʭ [2,3,5], ʘ ʤʘʛʥʠʪʥʳʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ - 
ʚ [3,5]. ɼʣʷ ʢʦʤʧʦʟʠʪʦʚ BFOïScMO ʜʘʥʥʳʭ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ.  

ɺ [2] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ (1-x)BFOïxYMO ʧʨʠ ʤʘʣʳʭ ʟʘʤʝʱʝʥʠʷʭ (ʭ Ò 0.1) Bi3+ ʥʘ Y3+ ʠ 
Fe3+ ʥʘ Mn3+ ʩʦʭʨʘʥʷʝʪʩʷ ʨʦʤʙʦʵʜʨʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʝʨʦʚʩʢʠʪʘ R3c. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦ-
ʜʝʨʞʘʥʠʷ Y3+ ʠ Mn3+ ʜʦ ʭ=0.3 R3c ʧʝʨʝʭʦʜʠʪ ʚ ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ ʬʘʟʫ Pbnm, ʘ ʧʨʠ ʭ=0.4 
ʥʘʙʣʶʜʘʝʪʩʷ ʤʦʥʦʢʣʠʥʥʘʷ ʬʘʟʘ ʉ2. ɺ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʥʘʥʦʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ (1-
x)BFOïxYMO ʚ ʜʠʘʧʘʟʦʥʝ ʟaʤʝʱʝʥʠʡ 0.1ÒxÒ0.2 ʩʦʩʫʱʝʩʪʚʫʶʪ ʬʘʟʳ R3c ʠ Pbnm (ʧʨʠ ʭ=0.2) 
[3]. 

ʀʦʥʳ Y3+ ʠ Sc3+ ʩʦ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʠʤʠ ʠʦʥʥʳʤʠ ʨʘʜʠʫʩʘʤʠ, ʯʝʤ ʫ ʠʦʥʘ Bi3+, 
ʩʠʣʴʥʦ ʜʝʩʪʘʙʠʣʠʟʠʨʫʝʪ R3c ʬʘʟʫ, ʯʪʦ ʩʥʠʞʘʝʪ ʬʘʢʪʦʨ ʪʦʣʝʨʘʥʪʥʦʩʪʠ ʠ ʫʚʝʣʠʯʠʚʘʝʪ ʫʛʦʣ 
ʥʘʢʣʦʥʘ ʦʢʪʘʵʜʨʦʚ. ɺ ʢʦʥʮʝ ʢʦʥʮʦʚ, ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ YMO ʠʣʠ ScMO  ʧʨʠʚʝʜʸʪ ʢ 
ʪʦʤʫ, ʯʪʦ ʩʚʷʟʴ Fe/Mn-O ʙʫʜʝʪ ʩʞʠʤʘʪʴʩʷ, ʘ ʩʚʷʟʠ Bi/Y-O (ʠʣʠ Bi/Sc-O) ï ʨʘʩʪʷʛʠʚʘʪʴʩʷ. ʂʦ-
ʛʜʘ ʠʩʢʘʞʝʥʠʷ ʜʦʩʪʠʛʘʶʪ ʚʝʨʭʥʝʛʦ ʧʨʝʜʝʣʘ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʠ ʦʥʘ ʩʪʘʥʦʚʠʪʩʷ 
ʥʝʫʩʪʦʡʯʠʚʦʡ, ʧʦʥʠʞʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ʚʳʟʳʚʘʝʪ ʧʝʨʝʭʦʜ ʢ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʝ Pbmn.  
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ʉ ʨʦʩʪʦʤ ʭ ʜʦʣʞʥʦ ʧʨʦʠʩʭʦʜʠʪʴ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʙʲʸʤʦʚ ʩʦʩʫʱʝʩʪʚʫʶʱʠʭ ʬʘʟ: 
ʦʙʲʸʤ ʬʘʟʳ R3c ʙʫʜʝʪ ʫʤʝʥʴʰʘʪʴʩʷ, ʘ ʬʘʟʳ Pbnm ï ʫʚʝʣʠʯʠʚʘʪʴʩʷ. ɺ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʤʫʣʴ-
ʪʠʬʝʨʨʦʠʢʘʭ [3] (1-x)BFOïxYMO ʩʦʩʪʘʚ ʭ=0.15 ʩʦʜʝʨʞʠʪ 61.77 % ʬʘʟʳ R3c ʠ 38.23 % ʬʘʟʳ 
Pbnm, ʘ ʩʦʩʪʘʚ ʭ=0.2 ï 52.42 % ʬʘʟʳ R3c ʠ 47.58 % ʬʘʟʳ Pbnm. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ ʨʘʩ-
ʪʚʦʨʦʚ (ʢʝʨʘʤʠʢ) ʩʦʩʪʘʚʘ (1-x)BFOïxRMO, ʛʜʝ R = Sc ʠʣʠ Y. ʎʝʣʴ ʨʘʙʦʪʳ ï ʠʩʩʣʝʜʦʚʘʪʴ 
ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤ ʙʠʥʘʨʥʳʭ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ (1-x)BFOïxRMO (R = Sc ʠ Y) ʚ ʟʘ-
ʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʭ ScMnO3 ʠʣʠ YMnO3 . 

ʆʙʨʘʟʮʳ ʢʝʨʘʤʠʢ ʩʦʩʪʘʚʦʚ (1-x)BFOïxRMO (0.1ÒxÒ0.4) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦ ʥʠʪʨʘʪʥʦʡ 
ʪʝʭʥʦʣʦʛʠʠ ʩ ʦʪʞʠʛʦʤ ʧʨʠ 850 Áʉ 10 ʤʠʥʫʪ. 

ɿʘʧʠʩʴ ʧʝʪʝʣʴ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʧʦʤʦ-
ʱʴʶ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʠʪʦʤʝʪʨʘ LDJ-9500 ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 0õÑ0,25 ʊʣ. ʀʟʤʝʨʝʥʠʷ ʧʨʦ-
ʠʟʚʦʜʠʣʠʩʴ ʧʦ ʦʜʥʦʡ ʩʭʝʤʝ ʜʣʷ ʩʠʩʪʝʤ ʤʘʥʛʘʥʠʪʦʚ (1-x)BFOïxRMO (R = Y ʠʣʠ Sc) ʧʨʠ 
ʊ=300 ʂ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M(H) ʧʨʠ ʊ=300 ʂ 
ʜʣʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ (1-x)BFOïxScMO (0.1ÒxÒ0.4) ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1,ʘ. ʈʝʟʫʣʴʪʘ-
ʪʳ ʠʟʤʝʨʝʥʠʡ M(H) ʧʨʠ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ ʜʣʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ (1-x)BFOïxYMO 
(0.05ÒxÒ0.35) ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1,ʙ.  

 
 
 
 

 

 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ M(H) ʜʣʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ (1-x)BFOïxYMO (0.05ÒxÒ0.35) 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2.  

 

 

 

 

ʈʠʩ. 1. ʇʝʪʣʠ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ (ʧʨʠ ʊ=300 ʂ) ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʠʩʪʝʤ:  
ʘ) (1-x)BFO–xScMO: 1) x=0.2; 2) x=0.25; 3) x=0.3; 4) x=0.35; 5) x=0.4 ʠ 6) x=0.1; 

ʙ) (1-x)BFO–xYMO: 1) x=0.15; 2) x=0.1; 3)  x=0.05; 4) x=0.25; 5) x=0.2; 6) ʭ=0.3 ʠ 7) ʭ=0.35 

 
ʍʘʨʘʢʪʝʨ ʧʝʪʝʣʴ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ ʦʙʨʘʟʮʦʚ ʩʠʩʪʝʤʳ (1-x)BFOïxYMO, ʪʘʢʞʝ 

ʢʘʢ ʠ ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (1-x)BFOïxScMO, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʦʷʚʣʝʥʠʠ ʬʝʨʨʦʤʘʛʥʠʪ-
ʥʳʭ ʩʚʦʡʩʪʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ.  

ʅʝʩʠʤʤʝʪʨʠʯʥʦʩʪʴ ʧʝʪʝʣʴ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʅ=0 ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 
ʦ ʪʦʤ, ʯʪʦ ʢʨʦʤʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ (1-x)BFOïxRMO ʩʫʱʝʩʪʚʫʝʪ 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʘʷ ʬʘʟʘ. ʉʤʝʱʝʥʠʝ ʧʝʪʣʠ ï ʩʣʝʜʩʪʚʠʝ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦ-
ʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʦʡ. 

ʀʟ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M(x) (ʨʠʩ. 2) ʧʨʠ ʢʦʤʥʘʪʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʝ ʠ H = 2,5 ʢʕ ʩʣʝʜʫʝʪ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʜʦʩʪʠʛʘʶʪ ʩʦʩʪʘʚʳ 
0.85BFOï0.15YMO ʠ 0.8BFOï0.2ScMO. ɺ ʥʘʰʠʭ ʩʦʝʜʠʥʝʥʠʷʭ Bi1-ʭRxFe1-xMnxO3, ʢʘʢ ʠ ʚ ʩʦ-
ʝʜʠʥʝʥʠʷʭ BiFe1-xMnʭO3, ʥʘʙʣʶʜʘʝʪʩʷ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʚʫʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʬʘʟ: R3c 
ʠ Pbnm. ʂʘʞʜʘʷ ʠʟ ʵʪʠʭ ʬʘʟ ʠʤʝʝʪ ʨʘʟʥʳʝ ʧʦ ʚʝʣʠʯʠʥʝ ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝ-
ʥʠʷ M, ʧʨʠ ʵʪʦʤ M(R3c) > M(Pbnm) [4]. ʉ ʨʦʩʪʦʤ ʩʦʚʤʝʩʪʥʦʛʦ ʟʘʤʝʱʝʥʠʷ Y ʠ Mn ʚ BFO 
ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʙʲʝʤʦʚ ʵʪʠʭ ʬʘʟ: V(R3c) ʫʤʝʥʴʰʘʝʪʩʷ, ʘ V(Pbnm) ʫʚʝʣʠʯʠ-
ʚʘʝʪʩʷ. ʇʦʵʪʦʤʫ ʩʫʤʤʘʨʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʧʨʠ ʥʝʢʦʪʦʨʦʡ ʢʨʠʪʠʯʝʩʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ xc 
ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʫʤʘ, ʘ ʟʘʪʝʤ ʥʘʯʠʥʘʝʪ ʫʤʝʥʴʰʘʪʴʩʷ [5]. 

 

                    

        ʘ)           ʙ) 
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ʈʠʩ. 2. ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M(x) ʦʙʨʘʟʮʦʚ ʩʠʩʪʝʤ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 
(1-x)BFO–xRMO (R = Sc ʠʣʠ Y) (ʧʨʠ H=2,5 kOe) 

ɺ ʟʘʢʣʶʯʝʥʠʝ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʩʣʝʜʫʶʱʝʝ. ɸʥʘʣʠʟ ʢʨʠʚʳʭ M(H) ʚ ʧʦʣʷʭ 
H = 0õÑ2,5 ʢʕ (ʨʠʩ. 1,ʘ ʠ ʙ) ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚ ʵʪʠʭ ʩʠʩʪʝʤʘʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 
(1-x)BFOïxRMO (R = Y ʠʣʠ Sc) ʚ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 0.05ÒxÒ0.4 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝ-
ʨʘʪʫʨʝ ʥʘʙʣʶʜʘʝʪʩʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ.  

ʅʝʩʠʤʤʝʪʨʠʯʥʦʩʪʴ ʧʝʪʝʣʴ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʅ=0 ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 
ʦ ʪʦʤ, ʯʪʦ ʬʝʨʨʦʤʘʛʥʠʪʥʘʷ ʬʘʟʘ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ (1-x)BFOïxRMO (R = Sc ʠʣʠ Y) ʩʦʩʫ-
ʱʝʩʪʚʫʝʪ ʩ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʦʡ.   

ɿʘ ʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʚ ʦʪʚʝʯʘʶʪ ʢʘʢ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ɼʟʷʣʦʰʠʥʩʢʦʛʦ-ʄʦʨʠʷ, ʪʘʢ 
ʠ cʫʧʝʨʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ Fe-O-Fe, Fe-O-Mn. 

ɺʝʣʠʯʠʥʘ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʜʣʷ ʵʪʠʭ ʩʠʩʪʝʤ ʨʘʟʣʠʯʥʘ: Hc ~ 7,5ï90 ʕ ʜʣʷ  
(1-ʭ)BiFeO3ïxScMnO3 ʠ ~ 5,2ï44,8 ʕ ʜʣʷ (1-ʭ)BiFeO3ïxYMnO3.  

ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M(x) ʧʨʠ H=2,5 ʢʕ ʜʣʷ ʜʚʫʭ ʙʠʥʘʨ-
ʥʳʭ ʩʠʩʪʝʤ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠʤʝʶʪ ʤʘʢʩʠʤʫʤʳ. ɼʦʩʪʠʞʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 
M(x) ʥʘʙʣʶʜʘʝʪʩʷ ʫ ʩʦʩʪʘʚʦʚ 0.8BiFeO3ï0.2ScMnO3 ʠ 0.85BiFeO3ï0.15YMnO3. ɿʘʪʝʤ M(x) 
ʜʣʷ ʦʙʝʠʭ ʩʠʩʪʝʤ ʫʤʝʥʴʰʘʝʪʩʷ (ʨʠʩ. 2). 

ɺ ʧʝʨʩʧʝʢʪʠʚʝ, ʠʩʧʦʣʴʟʫʷ ʧʣʝʥʦʯʥʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʠʟ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʤʦʞʥʦ ʩʦʟʜʘʚʘʪʴ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʠʣʠ ʫʩʪʨʦʡʩʪʚʘ ʧʘʤʷʪʠ ʜʣʷ ʟʘʧʠʩʠ ʠ ʭʨʘʥʝʥʠʷ ʠʥ-
ʬʦʨʤʘʮʠʠ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʦʣʴʰʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʪʦʢʦʚ. ʅʫʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʙ·ʣʴʰʠʝ 
ʧʝʨʩʧʝʢʪʠʚʳ ʫ ʧʣʝʥʦʢ ʩʠʩʪʝʤʳ (1-x)BFOïxYMO. 
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ɸʥʥʦʪʘʮʠʷ.ʉʠʥʪʝʟʠʨʦʚʘʥʳ ʜʦʧʠʨʦʚʘʥʥʳʝ ʠʪʪʨʠʝʤ ʠ ʚʠʩʤʫʪʦʤ ʪʠʪʘʥʘʪʳ ʠʪʪʝʨʙʠʷ ʠ ʛʦʣʴʤʠʷ. 
ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʜʦʧʠʨʦʚʘʥʥʳʭ ʠ ʥʝʜʦʧʠʨʦʚʘʥʥʳʭ ʪʠʪʘʥʘʪʦʚ. ʀʟʤʝʨʝʥʳ 
ʢʨʠʚʳʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʧʦʣʷʭ ʜʦ 30 kOe ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 2 K ʜʦ 300 K. ʇʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʪʠʪʘʥʘʪʦʚ: 
ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ ʠ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ; ʜʦʧʠʨʦʚʘʥʥʳʭ ʠ ʥʝʜʦʧʠʨʦʚʘʥʥʳʭ; ʜʦ-
ʧʠʨʦʚʘʥʥʳʭ ʨʘʟʥʳʤʠ ʜʦʧʘʥʪʘʤʠ. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʩʪʝʧʝʥʠ ʜʦʧʠʨʦʚʘʥʠʷ (ʢʦʣʠʯʝʩʪʚʘ ʚʥʝ-
ʩʝʥʥʦʛʦ ʜʦʧʘʥʪʘ).ɺ ʟʘʚʠʩʠʤʦʩʪʷʭ ʧʨʦʠʟʚʝʜʝʥʠʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ ʦʙʨʘʪʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʳ ʝʩʪʴ ʣʠʥʝʡʥʳʡ ʫʯʘʩʪʦʢ, ʧʨʠʯʝʤ ʟʥʘʢ ʥʘʢʣʦʥʘ ʵʪʠʭ ʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ ʠʟʤʝʥʷʝʪʩʷ ʜʣʷ 
ʚʩʝʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʪʠʪʘʥʘʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ, ʩʪʝʧʝʥʠ ʜʦʧʠʨʦʚʘʥʠʷ ʠ 
ʪʠʧʘ ʜʦʧʘʥʪʘ. ʅʘ ʦʩʥʦʚʝ ʠʟʫʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ 
ʤʘʛʥʠʪʥʦʛʦ ʜʠʧʦʣʴʥʦʛʦ ʠ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʠʪʘʥʘʪʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ:ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʪʠʪʘʥʘʪʳ, ʩʪʨʫʢʪʫʨʘ ʧʠʨʦʭʣʦʨʘ, ʢʨʠʚʘʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʤʘʛ-
ʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ 
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Annotation.The ytterbium and holmium titanates doped with the yttrium and bismuth have been synthesized. 
The magnetic properties of doped and undoped titanates have been studied. The magnetization curves and 
temperature dependences of the susceptibility have been measured in the fields up to 30 kOe at the tempera-
tures from 2 K to 300 K. A comparative analysis of the magnetic properties of the titanates obtained by the 
coprecipitation and solid-phase methods; doped and undoped; doped with various dopants, has been carried 
out. The influence of the degree of doping (the amount of the introduced dopant) has been evaluated. In the 
dependences of the susceptibility and temperature product on the reciprocal temperature, there is a linear 
section. At that, and the sign of the slope of these linear sections changes for all considered titanates depend-
ing on the synthesis method, the degree of doping and the type of dopant. The magnetic dipole and exchange 
interactions of titanates have been analyzed based on the study of the temperature dependences of the sus-
ceptibility. 

Keywords:rare earth titanates, pyrochlore structure, magnetization curve, magnetic susceptibility 

 

ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʪʠʪʘʥʘʪʦʚ-ʧʠʨʦʭʣʦʨʦʚʚʳʟʳʚʘʶʪ ʰʠʨʦʢʠʡ ʠʥʪʝʨʝʩ ʚ ʩʚʷʟʠ ʩ ʧʨʦ-
ʙʣʝʤʦʡ ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʚ ʥʠʭ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʩʦʙʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ - 
çʩʧʠʥʦʚʦʛʦ ʣʴʜʘè.ʊʠʪʘʥʘʪʳ ʛʦʣʴʤʠʷ ʦʙʣʘʜʘʶʪ ʩʚʦʡʩʪʚʘʤʠ ʢʣʘʩʩʠʯʝʩʢʦʛʦ, ʘ ʪʠʪʘʥʘʪ ʠʪʪʝʨ-
ʙʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʚʦʟʤʦʞʥʳʡ ʢʘʥʜʠʜʘʪ ʥʘ ʨʝʘʣʠʟʘʮʠʶ ʩʦʩʪʦʷʥʠʷ ʢʚʘʥʪʦʚʦʛʦ ʩʧʠʥʦʚʦ-
ʛʦ ʣʴʜʘ [1,2]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʠʪʘʥʘʪ ʠʪʪʝʨʙʠʷ ʩʯʠʪʘʝʪʩʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʤ ʩ ʥʝʢʦʣʣʠʥʝ-
ʘʨʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ [3,4]. ʀʦʥʳʛʦʣʴʤʠʷ ʠʤʝʶʪ ʙʦʣʴʰʦʡ ʤʘʛʥʠʪʥʳʡ 
ʤʦʤʝʥʪ. ɺ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʠʦʥʳ ʟʘʥʠʤʘʶʪ ʧʦʟʠʮʠʠ ʚ ʚʝʨʰʠʥʘʭ 
ʪʝʪʨʘʵʜʨʦʚ, ʯʪʦ ʜʦʧʫʩʢʘʝʪ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʬʨʫʩʪʨʠʨʦʚʘʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ [2].  

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʦʙʨʘʟʮʳʪʠʪʘ-
ʥʘʪʦʚ ʛʦʣʴʤʠʷ ʠ ʠʪʪʝʨʙʠʷ, ʥʝʜʦʧʠʨʦʚʘʥʥʳʝ ʠ ʜʦʧʠʨʦʚʘʥʥʳʝ ʠʪʪʨʠʝʤ ʠ ʚʠʩʤʫʪʦʤ, ʩʠʥʪʝʟʠʨʦ-
ʚʘʥʥʳʝ ʣʠʙʦ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ (ʊʌ), ʣʠʙʦ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ (ʉ). ʇʨʠ ʜʦʧʠʨʦʚʘʥʠʠ 
ʠʦʥʳ ʚʠʩʤʫʪʘ ʠ ʠʪʪʨʠʷ ʟʘʤʝʱʘʶʪ ʚ ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ ʠʦʥʳ Ho3+ ʠ Yb3+ ʚ ʢʨʠʩʪʘʣʣʠʯʝ-
ʩʢʦʡ ʨʝʰʝʪʢʝ.ɺʳʙʦʨ ʚʠʩʤʫʪʘ ʠ ʠʪʪʨʠʷ ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʘʥʪʦʚ ʩʚʷʟʘʥ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʜʦʧʠʨʦʚʘ-
ʥʠʠ ʪʠʪʘʥʘʪʦʚ-ʧʠʨʦʭʣʦʨʦʚ ʵʪʠʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʜʘʞʝ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ ʜʦʣʝ ʜʦʧʘʥʪʘ, 
ʩʪʨʫʢʪʫʨʘ ʧʠʨʦʭʣʦʨʘ ʩʦʭʨʘʥʷʝʪʩʷ. ʆʜʥʘʢʦ,ʚ ʜʦʧʠʨʦʚʘʥʥʳʭ ʪʠʪʘʥʘʪʘʭ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʠʟʤʝ-
ʥʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʠʦʥʘʤʠ, ʦʙʣʘʜʘʶʱʠʤʠ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ, ʧʦ 
ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʜʦʧʠʨʦʚʘʥʥʳʤʠ. 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʘʛʥʠʪʥʳʭ ʠʟʤʝʨʝʥʠʡ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙ-
ʨʘʟʮʦʚ. 
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ʈʠʩ. 1. ʂʨʠʚʳʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ: ʪʠʪʘʥʘʪʳ ʛʦʣʴʤʠʷ, ʜʦʧʠʨʦʚʘʥʥʳʝ 

ʠʪʪʨʠʝʤ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ (ʘ); ʪʠʪʘʥʘʪʳ ʛʦʣʴʤʠʷ, ʜʦʧʠʨʦʚʘʥʥʳʝ ʠʪ-
ʪʨʠʝʤ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ (ʙ); ʪʠʪʘʥʘʪʳ ʠʪʪʝʨʙʠʷ, ʜʦʧʠʨʦʚʘʥʥʳʝ ʠʪʪʨʠʝʤ 
ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʢʘʢ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ, ʪʘʢ ʠ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ (ʚ); ʪʠʪʘʥʘʪʳ ʛʦʣʴ-

ʤʠʷ, ʜʦʧʠʨʦʚʘʥʥʳʝ ʠʪʪʨʠʝʤ ʠ ʚʠʩʤʫʪʦʤ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ (ʛ) 

ʄʘʛʥʠʪʥʳʝ ʠʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʥʘ ʫʩʪʘʥʦʚʢʝ MPMS-5XL ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 
ʦʪ 2 K ʜʦ 300 K ʠ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 30 kOe. ɹʳʣʠ ʠʟʤʝʨʝʥʳ ʢʨʠʚʳʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʠ 
ʥʝʩʢʦʣʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ. ʀʩʩʣʝ-
ʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʪʠʪʘʥʘʪʦʚ-ʧʠʨʦʭʣʦʨʦʚ ʩʪʝʧʝʥʠ 
ʜʦʧʠʨʦʚʘʥʠʷ, ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ, ʪʠʧʘ ʜʦʧʘʥʪʘ.  

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʢʨʠʚʳʭ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T = 
2 K ʠ ʚ ʧʦʣʷʭ ʜʦ 30 kOe ʢʨʠʚʳʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʢʘʢ ʜʦʧʠʨʦʚʘʥʥʳʭ ʠʪʪʨʠʝʤ ʦʙʨʘʟʮʦʚ ʪʠʪʘ-
ʥʘʪʦʚ ʛʦʣʴʤʠʷ, ʪʘʢ ʠ ʥʝʜʦʧʠʨʦʚʘʥʥʦʛʦ (ʨʠʩ. 1ʘ), ʧʨʘʢʪʠʯʝʩʢʠ ʜʦʩʪʠʛʘʶʪ ʥʘʩʳʱʝʥʠʷ. ɻʠʩʪʝ-
ʨʝʟʠʩ ʦʪʩʫʪʩʪʚʫʝʪ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ. ɼʦʧʠʨʦʚʘʥʠʝ ʠʪʪʨʠʝʤ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʥʘʤʘʛʥʠ-
ʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ. ʇʨʠ ʵʪʦʤ, ʢʘʢ ʠ ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ, ʩ ʨʦʩʪʦʤ ʩʪʝʧʝʥʠ ʜʦʧʠʨʦʚʘʥʠʷ 
(ʢʦʣʠʯʝʩʪʚʘ ʚʥʝʩʝʥʥʦʛʦ ʜʦʧʘʥʪʘ) ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʪʠʪʘʥʘʪʘ ʛʦʣʴʤʠʷ ʫʤʝʥʴʰʘʝʪ-
ʩʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʠʦʥʳ Bi3+ ʠY3+ʥʝ ʠʤʝʶʪ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. ɼʣʷ ʜʦʧʠʨʦʚʘʥʥʳʭ 
ʠʪʪʨʠʝʤ ʦʙʨʘʟʮʦʚ ʪʠʪʘʥʘʪʦʚ ʠʪʪʝʨʙʠʷ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʢʘʢ ʊʌ ʤʝʪʦʜʦʤ, ʪʘʢ ʠ ʤʝʪʦʜʦʤ ʩʦ-
ʦʩʘʞʜʝʥʠʷ (ʨʠʩ. 1ʙ), ʢʨʠʚʳʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʦʷʚʣʷʶʪ ʧʨʠʟʥʘʢʠ ʥʘʩʳʱʝʥʠʷ. ʆʜʥʘʢʦ ʚ ʧʦ-
ʣʷʭ ʜʦ 30 kOe ʧʦʣʥʦʛʦ ʥʘʩʳʱʝʥʠʷ ʥʝ ʜʦʩʪʠʛʘʝʪʩʷ. ɻʠʩʪʝʨʝʟʠʩ ʦʪʩʫʪʩʪʚʫʝʪ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ. 
ʋʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ ʜʦʧʠʨʦʚʘʥʠʷ ʠʪʪʨʠʝʤ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʪʠʪʘʥʘʪʘʤʠ ʛʦʣʴʤʠʷ, ʧʨʠʚʦʜʠʪ ʢ 
ʫʤʝʥʴʰʝʥʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ.ʀʟ ʨʠʩ. 1ʘ, 1ʙ, 1ʚ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʥʝ 
ʚʣʠʷʝʪ ʠʣʠ ʚʣʠʷʝʪ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʥʘ ʚʝʣʠʯʠʥʫ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ.ɺʣʠʷʥʠʝ ʪʠʧʘ ʜʦʧʘʥʪʘ ʧʦʢʘ-
ʟʘʥʦ ʥʘ ʨʠʩ. 1ʛ. 

ɼʘʣʝʝ ʥʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʠʟʚʝʜʝʥʠʷ ɢ*T ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 
1/T, ʠʤʝʶʱʠʝ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʪʠʪʘ-
ʥʘʪʘʭ.ʈʘʩʯʝʪ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʤʦʜʝʣʠ ʀʟʠʥʛʘ 
[5].  

( )ù
ú

ø
é
ê

è
+-= SD

BB

B JJ
Tk

SS

Tk

gN
T 67.218.2

2

3
1

3

)(
)(

222mc ,                                 (1) 

ʛʜʝ g=8/7 - ʬʘʢʪʦʨ ʃʘʥʜʝ ʤʫʣʴʪʠʧʣʝʪʘ 2F7/2, N- ʯʠʩʣʦ ʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ ʚ cm3, kB - ʧʦʩʪʦʷʥʥʘʷ 
ɹʦʣʴʮʤʘʥʘ,mB- ʤʘʛʥʝʪʦʥ ɹʦʨʘ,S -ʩʧʠʥ ʠʦʥʘ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ.ʂʦʥʩʪʘʥʪʘ JD ʫʯʠʪʳʚʘʝʪ 
ʜʠʧʦʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʝʡ, ʢʦʥʩʪʘʥʪʘ JS - ʩʫʧʝʨʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡ-
ʩʪʚʠʝ. ʄʘʛʥʠʪʥʦʝ ʜʠʧʦʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʢʦʥʩʪʘʥʪʦʡ JD ʩʧʦʩʦʙʩʪʚʫʝʪ 
ʧʘʨʘʣʣʝʣʴʥʦʤʫ ʫʧʦʨʷʜʦʯʝʥʠʶ ʩʧʠʥʦʚ, ʘ ʩʫʧʝʨʦʙʤʝʥʥʦʝ c ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʢʦʥʩʪʘʥʪʦʡ JS ʚʳ-
ʟʳʚʘʝʪ ʬʨʫʩʪʨʘʮʠʶ. ʀʟ (1) ʩʣʝʜʫʝʪ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʠʟʚʝʜʝʥʠʷ ɢ*T(1/T). 
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʠ ʧʨʦʠʟʚʝʜʝʥʠʷ ɢ*T ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 1/T ʜʣʷ ʦʙʨʘʟʮʦʚ: ʪʠʪʘ-
ʥʘʪʳ ʛʦʣʴʤʠʷ, ʜʦʧʠʨʦʚʘʥʥʳʝ ʠʪʪʨʠʝʤ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ (ʘ); ʪʠʪʘʥʘʪʳ 
ʛʦʣʴʤʠʷ, ʜʦʧʠʨʦʚʘʥʥʳʝ ʠʪʪʨʠʝʤ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ (ʙ); ʪʠʪʘʥʘʪʳ ʠʪʪʝʨ-
ʙʠʷ, ʜʦʧʠʨʦʚʘʥʥʳʝ ʠʪʪʨʠʝʤ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʢʘʢ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ, ʪʘʢ ʠ ʤʝʪʦʜʦʤ ʩʦ-

ʦʩʘʞʜʝʥʠʷ (ʚ) 

ʅʘ ʨʠʩ. 2ʘ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʠʟʚʝʜʝʥʠʷ ɢ*T ʦʪ ʦʙʨʘʪʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʳ 1/Tʜʣʷ ʪʠʪʘʥʘʪʦʚ ʛʦʣʴʤʠʷ, ʜʦʧʠʨʦʚʘʥʥʳʭ ʠʪʪʨʠʝʤ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʪʚʝʨʜʦ-
ʬʘʟʥʳʤ ʤʝʪʦʜʦʤ. ʀʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 2 K ʜʦ 300 K. ɺ ʦʙʣʘʩʪʠ 
ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 2 K ʧʦʯʪʠ ʜʦ 14 K ʜʣʷ ʩʦʩʪʘʚʦʚY1,75Ho0,25Ti2O7, Y1,5Ho0,5Ti2O7, 
Ho2Ti2O7ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʧʨʠʩʫʪʩʪʚʫʝʪ ʫʯʘʩʪʦʢ ʩ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ. 
ʆʪʢʣʦʥʝʥʠʝ ʦʪ ʣʠʥʝʡʥʦʩʪʠ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ [5] ʩʚʷʟʳʚʘʶʪ ʩ ʥʘʨʫʰʝʥʠʝʤ 
ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʦʜʝʣʠ ʀʟʠʥʛʘ. ʅʘ ʫʯʘʩʪʢʝ ʦʪ 2 K ʧʨʠʤʝʨʥʦ ʜʦ 14 K ʥʘʢʣʦʥ ʟʘʚʠʩʠʤʦʩʪʠ 
Ho2Ti2O7 ʦʪʨʠʮʘʪʝʣʴʥʳʡ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʜʦʤʠʥʠʨʦʚʘʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡ-
ʩʪʚʠʷ. ɼʦʧʠʨʦʚʘʥʠʝ ʠʪʪʨʠʝʤ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʥʝ ʟʥʘʢʘ ʥʘʢʣʦʥʘ ʫ ʩʦʩʪʘʚʦʚ Y1,5Ho0,5Ti2O7 ʠ 
Y1,75Ho0,25Ti2O7. ʅʘʢʣʦʥ ʩʪʘʥʦʚʠʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʤ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ 
ʜʘʥʥʳʭ ʩʦʩʪʘʚʘʭ ʜʦʤʠʥʠʨʫʝʪ ʩʫʧʝʨʦʙʤʝʥ. ʇʦʜʦʙʥʘʷ ʢʘʨʪʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʪʠʪʘʥʘʪʦʚ 
ʛʦʣʴʤʠʷ, ʜʦʧʠʨʦʚʘʥʥʳʭ ʠʪʪʨʠʝʤ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ (ʨʠʩ. 2ʙ). ɺ ʥʠʟ-
ʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʟʥʘʢ ʥʘʢʣʦʥʘ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʣʷ ʩʦʩʪʘʚʦʚ Y1,5Ho0,5Ti2O7 ʠ 
Y1,75Ho0,25Ti2O7 ʧʦʣʦʞʠʪʝʣʴʥʳʡ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʜʦʤʠʥʠʨʦʚʘʥʠʠ ʩʫʧʝʨʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡ-
ʩʪʚʠʷ.ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʪʠʪʘʥʘʪʦʚ ʛʦʣʴʤʠʷ ʤʝʪʦʜ 
ʩʠʥʪʝʟʘ ʥʝ ʚʣʠʷʝʪ ʥʘ ʜʦʤʠʥʠʨʫʶʱʠʡ ʪʠʧ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ.ʅʘ ʨʠʩ. 2ʚ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 
ʨʘʩʯʝʪʘ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʠʟʚʝʜʝʥʠʷ ɢ*T ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 1/Tʜʣʷ ʪʠʪʘʥʘʪʦʚ ʠʪʪʝʨʙʠʷ, 
ʜʦʧʠʨʦʚʘʥʥʳʭ ʠʪʪʨʠʝʤ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʢʘʢ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ, ʪʘʢ ʠ ʤʝʪʦʜʦʤ ʩʦ-
ʦʩʘʞʜʝʥʠʷ. ʀʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 2 K ʜʦ 300 K. ʋʯʘʩʪʢʠ ʩ ʧʨʠ-
ʙʣʠʟʠʪʝʣʴʥʦ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʜʣʷ ʩʦʩʪʘʚʦʚ Y1,75Yb0,25Ti2O7, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʊʌ 
ʠ ʩʦʦʩʘʞʜʝʥʠʷ, ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 2 K ʜʦ 5,8 K, ʠ ʦʪ 2 K ʜʦ 3,5 K, 
ʩʦʦʪʚʝʩʪʩʚʝʥʥʦ.ɸʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʦʢʘʟʘʣ, ʯʪʦ ʪʠʧ ʜʦ-
ʧʘʥʪʘ ʚ ʩʣʫʯʘʝ ʪʠʪʘʥʘʪʘ ʛʦʣʴʤʠʷ ʥʝ ʤʝʥʷʝʪ ʪʠʧ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʚ ʩʣʫʯʘʝ ʞʝ ʪʠʪʘʥʘʪʘ ʠʪʪʝʨ-
ʙʠʷ ʧʨʠ ʜʦʧʠʨʦʚʘʥʠʠ ʚʠʩʤʫʪʦʚ ʧʨʝʦʙʣʘʜʘʝʪ ʩʫʧʝʨʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʧʨʠ ʜʦʧʠʨʦʚʘ-
ʥʠʠ ʠʪʪʨʠʝʤ ï ʜʠʧʦʣʴʥʦʝ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʀʅʆɹʈʅɸʋʂʀ ʈʦʩʩʠʠ (ʪʝʤʘ 
çʌʫʥʢʮʠʷè, ɸɸɸɸ-ɸ19-119012990095-0). 
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ʉʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ FeïRh ʥʘʭʦʜʷʪ ʩʚʦʝ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʤʘʛ-
ʥʠʪʥʦʡ ʟʘʧʠʩʠ, ʦʭʣʘʞʜʝʥʠʷ, ʫʩʪʨʦʡʩʪʚʘʭ ʩʧʠʥʪʨʦʥʠʢʠ, ʚ ʩʚʷʟʠ ʩ ʵʪʠʤ ʜʘʥʥʳʝ ʩʧʣʘʚʳ ʠʩʩʣʝ-
ʜʫʶʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ [1, 2]. ɺ ʜʘʥʥʳʭ ʩʧʣʘʚʘʭ ʧʨʠ ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘ-
ʪʫʨʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʤʝʪʘʤʘʛʥʠʪʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʷʤ ʠʟ-
ʤʝʥʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʥʘʙʣʶʜʝʥʠʶ ʨʝʢʦʨʜʥʦ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ 
ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ [3, 4]. ʊʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʩʚʷʱʝʥ-
ʥʳʝ ʚʣʠʷʥʠʶ ʜʦʙʘʚʣʝʥʠʷ ʪʨʝʪʴʝʛʦ ʵʣʝʤʝʥʪʘ ʥʘ ʩʪʨʫʢʪʫʨʫ, ʩʚʦʡʩʪʚʘ ʠ ʬʘʟʦʚʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ 
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ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ FeïRh. ʈʘʙʦʪʳ [5, 6] ʧʦʩʚʷʱʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ ʨʘʟ-
ʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʩʧʣʘʚʦʚ FeïRhïPt. ɺ ʨʘʙʦʪʘʭ ʙʳʣʠ ʠʟʫʯʝʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 
ʜʘʥʥʳʭ ʩʧʣʘʚʦʚ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʧʣʘʚʘʭ FeRh1-xPtx ʚ ʠʥʪʝʨʚʘʣʝ ʢʦʥʮʝʥʪʨʘʮʠʡ x Ò 0.1 
ʥʘʙʣʶʜʘʝʪʩʷ ʢʫʙʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʪʝʪʨʘʛʦʥʘʣʴʥʘʷ ʬʘʟʘ ʧʦʷʚʣʷʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨ-
ʞʘʥʠʷ Pt. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʤʝʥʪʦʚ ʟʘʚʠʩʷʪ ʩʚʦʡʩʪʚʘ ʠ ʬʘʟʦʚʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ 
ʩʦʝʜʠʥʝʥʠʡ  ʥʘ ʦʩʥʦʚʝ FeïRh.  

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ ʨʦʣʠ ʧʣʘʪʠʥʳ ʥʘ ʬʘʟʦʚʫʶ 
ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ FeïRh. ʉʧʣʘʚʳ FeïRhïPt ʠʩʩʣʝʜʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘ-
ʢʝʪʘ Vienna Abinitio Simulation (VASP) [7]. ʇʨʠʙʣʠʞʝʥʠʝ ʦʙʦʙʱʝʥʥʦʛʦ ʛʨʘʜʠʝʥʪʘ (GGA) ʚ 
ʬʦʨʤʫʣʠʨʦʚʢʝ ʇʝʨʜʴʶ, ɹʫʨʢʘ ʠ ʕʨʥʟʝʨʭʦʬʘ (Perdew, Burke and Ernzerhof ï PBE) ʙʳʣʦ ʚʳ-
ʙʨʘʥʦ ʜʣʷ ʨʘʩʯʝʪʦʚ. ʏʠʩʣʦ k-ʪʦʯʝʢ ʚ ʧʝʨʚʦʡ ʟʦʥʝ ɹʨʠʣʣʶʵʥʘ ʙʳʣʦ ʚʳʙʨʘʥʦ ʚ ʚʠʜʝ ʩʝʪʢʠ 
12 Ĭ 12 Ĭ 12, ʧʦʣʫʯʝʥʥʦʡ ʩ ʧʦʤʦʱʴʶ ʩʭʝʤʳ ʄʦʥʭʦʨʩʪʘïʇʘʢʘ. ɼʣʷ ʨʘʩʯʝʪʘ ʵʥʝʨʛʠʠ ʦʩʥʦʚʥʦ-
ʛʦ ʩʦʩʪʦʷʥʠʷ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ PAW ʧʦʪʝʥʮʠʘʣ. ʕʥʝʨʛʠʷ ʦʙʨʝʟʘʥʠʷ ʧʣʦʩʢʠʭ ʚʦʣʥ Ecutoff ʩʦ-
ʩʪʘʚʠʣʘ 400 ʵɺ. ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʥʘ 16 ʘʪʦʤʥʦʡ ʩʫʧʝʨʷʯʝʡʢʝ ʜʣʷ FeRh1-xPtx (ʛʜʝ x = 0, 
0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1). ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʯʝʪʳʨʝ ʤʘʛʥʠʪʥʳʝ 
ʩʧʠʥʦʚʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 1. 

 
ʈʠʩ. 1. ʄʘʛʥʠʪʥʳʝ ʩʧʠʥʦʚʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ (ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ (FM), ʠ ʪʨʠ ʪʠʧʘ ʘʥʪʠʬʝʨʨʦ-

ʤʘʛʥʠʪʥʳʭ ʩʦʩʪʦʷʥʠʡ (AFM–I, AFM–II, AFM–III)) 
 

ɺ ʘʪʦʤʥʦʡ ʷʯʝʡʢʝ (ʩʪʨʫʢʪʫʨʘ Pmï3m) ʘʪʦʤʳ ʞʝʣʝʟʘ ʥʘʭʦʜʷʪʩʷ ʚ ʧʦʟʠʮʠʷʭ (1/4; 1/4; 
1/4); é; (3/4; 3/4; 3/4), ʘ ʘʪʦʤʳ ʨʦʜʠʷ ʚ ʧʦʟʠʮʠʷʭ: (0; 0; 0); (1/2; 0; 0); é (1/2; 1/2; 1/2).  

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʚ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʣʝʜʫʝʤʳʭ ʩʦʩʪʘʚʦʚ ʦʪ 
ʧʘʨʘʤʝʪʨʘ ʨʝʰʝʪʢʠ. ɺʳʯʠʩʣʝʥʳ ʧʦʣʥʳʝ ʠ ʯʘʩʪʠʯʥʳʝ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʠ ʨʘʚʥʦʚʝʩʥʳʝ ʧʘ-
ʨʘʤʝʪʨʳ ʨʝʰʝʪʦʢ.  ɺʩʝ ʧʘʨʘʤʝʪʨʳ ʧʦʣʫʯʝʥʳ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ. 1 ʩʧʠʥʦʚʳʭ ʢʦʥʬʠ-
ʛʫʨʘʮʠʡ. ʇʦʣʫʯʝʥʦ, ʯʪʦ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʘʷ ʩʧʠʥʦʚʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ AFMïII ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ 
ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦʡ ʜʣʷ ʩʧʣʘʚʦʚ FeRh1-xPtx ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʧʣʘʪʠʥʳ (ʛʜʝ x=0ï0.625), 
ʜʘʣʝʝ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʣʘʪʠʥʳ ʚʳʛʦʜʥʦʡ ʩʪʘʥʦʚʠʪʩʷ AFMïIII ʢʦʥʬʠʛʫʨʘʮʠʷ, ʘ 
ʜʣʷ ʩʧʣʘʚʘ FePt ʚʳʛʦʜʥʘ ʬʝʨʨʦʤʘʛʥʠʪʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ. 

ɿʘʪʝʤ ʚ ʨʘʙʦʪʝ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ FeRh1-xPtx. ɺ ʢʘʯʝʩʪʚʝ ʤʠ-
ʥʠʤʘʣʴʥʦʛʦ ʢʨʠʪʝʨʠʷ ʦʮʝʥʢʠ ʬʘʟʦʚʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʩʧʣʘʚʦʚ ʚʳʩʪʫʧʘʝʪ ʵʥʝʨʛʠʷ ʬʦʨʤʠʨʦʚʘ-
ʥʠʷ (Eform). ʕʥʝʨʛʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʩʧʣʘʚʦʚ ʢʘʢ ʨʘʟ-
ʥʦʩʪʴ ʤʝʞʜʫ ʧʦʣʥʦʡ ʵʥʝʨʛʠʝʡ ʜʣʷ ʢʘʞʜʦʛʦ ʩʧʣʘʚʘ ʠ ʵʥʝʨʛʠʡ ʯʠʩʪʳʭ ʵʣʝʤʝʥʪʦʚ ʚʭʦʜʷʱʠʭ ʚ 
ʩʦʩʪʘʚ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʝʡ. ʇʦʣʦʞʠʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ Eform ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, 
ʯʪʦ ʩʧʣʘʚ ʥʝʩʪʘʙʠʣʝʥ, ʪ.ʝ. ʪʘʢʦʡ ʩʧʣʘʚ ʥʝ ʤʦʞʝʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʚ ʫʩʣʦʚʠʷʭ ʨʘʚʥʦʚʝʩʠʷ. ʇʦʣʫ-
ʯʝʥʥʳʝ ʥʘʤʠ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʩʧʣʘʚʦʚ ʦʢʘʟʘʣʠʩʴ ʥʠʞʝ 
ʥʫʣʷ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʩʧʣʘʚʳ ʩʪʘʙʠʣʴʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʟʣʦʞʝʥʠʷ ʥʘ ʵʣʝʤʝʥ-
ʪʘʨʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ. ɼʘʣʝʝ ʚ ʨʘʙʦʪʝ ʦʮʝʥʠʚʘʣʘʩʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʦʩʪʘʚʘ FeRh1-xPtx ʦʪʥʦʩʠ-
ʪʝʣʴʥʦ ʨʘʩʧʘʜʘ ʥʘ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʳʝ ʢʦʤʧʦʟʠʪʳ ʧʦ ʨʝʘʢʮʠʠ FeRh1-xPtx Ÿ (1 - x) FeRh + 
xFePt. ɼʣʷ ʵʪʦʛʦ ʦʮʝʥʠʚʘʣʠ ʵʥʝʨʛʠʶ Emix, ʩʦʛʣʘʩʥʦ ʚʳʨʘʞʝʥʠʶ: 

 ( )
1

1
x xmix FeRh Pt FeRh FePtE E x E xE

-
= - - +è øê ú  
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ʛʜʝ EFeRh ʠ EFePt ʧʦʣʥʳʝ ʵʥʝʨʛʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʅʘ ʨʠʩ.2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩ-
ʩʯʠʪʘʥʥʳʝ ʵʥʝʨʛʠʠ Emix ʚ  ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ Pt ʜʣʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʭ ʩʧʠ-
ʥʦʚʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ. 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ Emix ʦʪ ʩʦʜʝʨʞʘʥʠʷ Pt ʜʣʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʭ ʩʧʠʥʦʚʳʭ 

ʢʦʥʬʠʛʫʨʘʮʠʡ 

 
ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 2, ʵʥʝʨʛʠʷ Emix ʦʢʘʟʳʚʘʝʪʩʷ ʚʳʰʝ ʥʫʣʷ ʪʦʣʴʢʦ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ x = 

0.875. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʚʩʝ ʦʩʪʘʣʴʥʳʝ ʩʦʩʪʘʚʳ ʷʚʣʷʶʪʩʷ ʫʩʪʦʡʯʠʚʳʤʠ ʦʪʥʦʩʠ-
ʪʝʣʴʥʦ ʨʘʩʧʘʜʘ ʥʘ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʳʝ. ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʧʨʦʠʟʚʝʜʝʥʳ ʦʮʝʥʢʠ ʪʝʤʧʝʨʘʪʫʨʳ ɼʝ-
ʙʘʷ ʜʣʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ, ʊʘʢ, ʪʝʤʧʝʨʘʪʫʨʳ ɼʝʙʘʷ ʧʨʠʥʠʤʘʶʪ ʟʥʘʯʝ-
ʥʠʷ 408 ʂ ʜʣʷ FeRh, 377 ʂ ʜʣʷ FeRh0.5Rh0.5 ʠ 324 ʂ ʜʣʷ FePt. ɼʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥʳ 
ʧʨʠ ʦʮʝʥʢʝ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʩʧʘʜʘ ʥʘ ʜʚʫʭʢʦʤʧʦ-
ʥʝʥʪʥʳʝ ʩʧʣʘʚʳ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 800 ʂ. ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ 
ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʩʦʩʪʘʚʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʩʧʘʜʘ ʥʘ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʳʝ 
ʩʧʣʘʚʳ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ˉ 17ï72ï
20022. 

 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ: 

1. Cumpson S., Hidding P., Coehoorn R. A hybrid recording method using thermally 
assisted writing and flux sensitive detection // IEEE Transactions on Magnetics. ï 2000. ï ʊ. 36. ï 
ˉ. 5. ï ʉ. 2271-2275. 

2. Thiele J., Maat S., Fullerton E. FeRh/FePt exchange spring films for thermally assisted 
magnetic recording media // Appl. Phys. Lett. ï 2003. ï ʊ. 82. ï ʉ. 2859-2861.   

3. Annaorazov M., Asatryan K., Myalikgulyev G., Nikitin S., Tishin A., Tyurin A. 
Alloys of the Fe-Rh system as a new class of working material for magnetic refrigerators // Cryog. ï 
1992. ï ʊ. 32. ï ʉ. 867-872.  

4. Chirkova A., Skokov K., Schultz L., Baranov N., Gutfleisch O., Woodcock T. Giant 
adiabatic temperature change in FeRh alloys evidenced by direct measurements under cyclic 
conditions //Acta. Mater. ï 2016 ï ʊ. 106. ï ʉ. 15-21.        

5. Yuasa S., Miyajima H. Magnetic properties and phase transition in bct FeRh1-xPtx, 
alloys // Nucl. Instrum. Methods Phys. Res. Sect. ï 1993 ï ʊ. 76. ï ʉ. 71-73.    

6. Takizawa K., Ono T., Miyajima H. Magnetic phase transitions for body-centered 
tetragonal FeRh1-xPtx system. // J. Magn. Magn. Mater. ï 2001 ï ʊ. 226-230. ï ʉ. 572-573. 

7. Kresse G., Furthmuller J. Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set // Phys. Rev. B. ï 1996 ï ʊ. 54. ï ʉ. 11169-11186.   

ǔǓǓǓ-2021 1-76 ǘǬǱǽǯȆ 1. ǔǵǩȂǬ ǳǧǪǴǯǹǴȂǬ ǳǧǹǬǷǯǧǲȂ...



ʋɼʂ 538.955 

ʉʊʈʋʂʊʋʈʅʓɽ ʀ ʄɸɻʅʀʊʅʓɽ ʉɺʆʁʉʊɺɸ ʉʇʃɸɺʆɺ 
ɻɽʁʉʃɽʈɸ Co-Ni-Sn: ʀʉʉʃɽɼʆɺɸʅʀɽ AB INITIO 

ʉʘʥʦʩʷʥ ɸ.ɸ. 
ʣʘʙʦʨʘʥʪ-ʠʩʩʣʝʜʦʚʘʪʝʣʴ,  

ʢʘʬʝʜʨʘ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ʄʠʨʦʰʢʠʥʘ ʆ.ʅ. 
ʤ.ʥ.ʩ., 

ʢʘʬʝʜʨʘ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ʉʦʢʦʣʦʚʩʢʠʡ ɺ.ɺ. 
ʜ.ʬ.-ʤ.ʥ., ʜʦʮʝʥʪ,  

ʢʘʬʝʜʨʘ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ɹʫʯʝʣʴʥʠʢʦʚ ɺ.ɼ. 
ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ,  

ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 
ʫʥʠʚʝʨʩʠʪʝʪ 

 

ɸʥʥʦʪʘʮʠʷ. ʉ ʧʦʤʦʱʴʶ ʧʝʨʚʦʧʨʠʥʮʠʧʥʦʛʦ ʧʦʜʭʦʜʘ ʚ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʠ 
ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ Co2Ni1+xSn1-x (x = 0, 0.25, 0.5, 0.75, 1). ʇʦʣʫʯʝʥʳ 
ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʪ ʩʪʝʧʝʥʠ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ 
ʠʩʢʘʞʝʥʠʡ ʠ ʚʳʷʚʣʝʥʦ ʥʘʠʙʦʣʝʝ ʚʳʛʦʜʥʦʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʫʧʦʨʷʜʦʯʝʥʠʝ. ɼʣʷ ʚʩʝʭ 
ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʢʦʤʧʦʟʠʮʠʡ ʚʳʯʠʩʣʝʥʘ ʵʥʝʨʛʠʷ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ, ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʩʪʨʫʢʪʫʨʥʳʝ 
ʩʚʦʡʩʪʚʘ, ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʧʣʘʚʦʚ 

 

STRUCTURAL AND MAGNETIC PROPERTIES OF Co-Ni-Sn 
HEUSLER ALLOYS: AB INITIO STUDY 

Sanosyan A.A. 
research assistant,  

condensed matter physics department, Chelyabinsk State University 

Miroshkina O.N. 
junior researcher, 

condensed matter physics department, Chelyabinsk State University 

Sokolovskiy V.V. 
Dr.Sc., associate professor,  

condensed matter physics department, Chelyabinsk State University 

Buchelnikov V.D. 
Dr.Sc., professor,  

chief of condensed matter physics department, Chelyabinsk State University 
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ɺ ʦʩʥʦʚʝ ʤʥʦʛʠʭ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ï ʦʪ ʟʘʧʦʤʠʥʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʜʦ ʚʝʪʨʷʥʳʭ 
ʪʫʨʙʠʥ ï ʣʝʞʘʪ ʧʦʩʪʦʷʥʥʳʝ ʤʘʛʥʠʪʳ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦӢ ʣʴʰʫʶ ʜʦʣʶ ʤʘʛʥʠʪʦʪʚʝʨʜʳʭ 
ʤʘʪʝʨʠʘʣʦʚ ʩʦʩʪʘʚʣʷʶʪ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʪʘʢʠʝ ʢʘʢ Sm-Co ʠ 
Nd-Fe-B [1]. ʈʝʜʢʦʟʝʤʝʣʴʥʳʝ ʤʝʪʘʣʣʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʠʣʴʥʫʶ ʩʧʠʥʦʨʙʠʪʘʣʴʥʫʶ ʩʚʷʟʴ, 
ʩʧʦʩʦʙʩʪʚʫʶʱʫʶ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʚʳʩʦʢʦʡ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʆʜʥʘʢʦ, 
ʩʪʦʠʤʦʩʪʴ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʯʝʥʴ ʚʳʩʦʢʘ, ʠ ʧʦʠʩʢ ʘʣʴʪʝʨʥʘʪʠʚʳ, ʥʝ ʫʩʪʫʧʘʶʱʝʡ ʧʦ 
ʩʚʦʡʩʪʚʘʤ, ʦʩʪʘʝʪʩʷ ʦʜʥʦʡ ʠʟ ʧʨʠʦʨʠʪʝʪʥʳʭ ʟʘʜʘʯ ʩʦʚʨʝʤʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ. ʉ ʵʪʦʡ 
ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ. ʀʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ 
ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ, ʚ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʝʥ ʤʘʨʪʝʥʩʠʪʥʳʡ ʧʝʨʝʭʦʜ ʠʟ ʚʳʩʦʢʦʩʠʤʤʝʪʨʠʯʥʦʡ 
ʘʫʩʪʝʥʠʪʥʦʡ ʬʘʟʳ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ, ʦʙʣʘʜʘʶʱʫʶ ʤʝʥʴʰʝʡ ʩʠʤʤʝʪʨʠʝʡ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 
ʩʧʦʩʦʙʥʦʡ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʥʝʥʫʣʝʚʫʶ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ Co2Ni1+xSn1-x (x = 0, 0.25, 0.5, 
0.75, 1). ʀʩʩʣʝʜʦʚʘʥʠʷ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʚʳʧʦʣʥʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ 
ʧʘʢʝʪʘ VASP [2,3]. ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʚ ʧʨʠʙʣʠʞʝʥʠʠ GGA-PBE ʜʣʷ 16-ʘʪʦʤʥʦʡ 
ʩʫʧʝʨʷʯʝʡʢʠ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʷʪʴ ʪʠʧʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ 
ʚ ʨʘʩʯʸʪʘʭ. ʅʘʨʷʜʫ ʩ ʠʟʚʝʩʪʥʳʤʠ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ ʛʝʡʩʣʝʨʦʚʩʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ 
ʨʘʩʩʤʦʪʨʝʥʳ ʥʝʜʘʚʥʦ ʧʨʝʜʣʦʞʝʥʥʳʝ Tp ʠ Tc ʩʪʨʫʢʪʫʨʳ [4], ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ 
ʯʝʨʝʜʫʶʱʠʤʠʩʷ ʩʣʦʷʤʠ ʘʪʦʤʦʚ Co ʠ Ni ʚʜʦʣʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ [1,0,0] ʠ 
[1,1,0], ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʨʘʩʩʤʦʪʨʝʥʘ ʯʘʩʪʠʯʥʦ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʘʷ B2-like 
ʩʪʨʫʢʪʫʨʘ. ʕʥʝʨʛʠʷ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ MAE ʚʳʯʠʩʣʝʥʘ ʧʦ ʬʦʨʤʫʣʝ: 
MAE = ɽ100 - ɽ001, ʛʜʝ ɽ100 ʠ ɽ001 ï ʧʦʣʥʳʝ ʵʥʝʨʛʠʠ ʩʧʣʘʚʦʚ ʜʣʷ ʩʣʫʯʘʝʚ ʩʧʠʥʦʚʦʡ ʦʨʠʝʥʪʘʮʠʠ 
ʧʦ ʥʘʧʨʘʚʣʝʥʠʷʤ [001] ʠ [100], ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 
ʈʠʩ. 1. (ʘ) ʇʨʷʤʘʷ, (ʙ) ʦʙʨʘʪʥʘʷ, (ʚ) B2-like, (ʛ) Tp ʠ (ʜ) Tc ʩʪʨʫʢʪʫʨʳ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ 
 

ʈʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʝʥʠʷ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʩʧʣʘʚʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ 
ʠʩʢʘʞʝʥʠʡ ʜʣʷ ʩʧʣʘʚʘ Co2NiSn ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦʡ ʷʚʣʷʝʪʩʷ ʤʘʨʪʝʥʩʠʪʥʘʷ ʬʘʟʘ ʩʦ ʩʪʝʧʝʥʴʶ 
ʪʝʪʨʘʛʦʥʘʣʴʥʦʩʪʠ c/a = 1,35. ʂʨʠʚʳʝ E(c/a) ʚʩʝʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ 
ʧʨʷʤʦʡ ʛʝʡʩʣʝʨʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʦʯʝʥʴ ʙʣʠʟʢʠ ʚ ʤʠʥʠʤʫʤʝ ʧʨʠ c/a = 1,35, ʪʝʤ ʥʝ ʤʝʥʝʝ, 
ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʙʦʣʝʝ ʚʳʛʦʜʥʦʡ ʷʚʣʷʝʪʩʷ ʦʙʨʘʪʥʘʷ ʩʪʨʫʢʪʫʨʘ. ʆʜʥʘʢʦ ʜʦʙʘʚʢʘ ʠʟʙʳʪʦʯʥʳʭ 
ʘʪʦʤʦʚ Ni ʩʪʘʙʠʣʠʟʠʨʫʝʪ Tp ʩʪʨʫʢʪʫʨʫ, ʠ ʦʥʘ ʩʪʘʥʦʚʠʪʩʷ ʚʳʛʦʜʥʦʡ ʜʣʷ ʤʘʨʪʝʥʩʠʪʥʳʭ ʬʘʟ 
ʩʧʣʘʚʦʚ Co2Ni1+xSn1-x ʧʨʠ x  0,25. 
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʩʧʣʘʚʘ Co2NiSn ʦʪ ʩʪʝʧʝʥʠ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ 

ʠʩʢʘʞʝʥʠʡ c/a 
ɺ ʨʘʙʦʪʝ ʪʘʢʞʝ ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʸʪʳ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʜʣʷ ʚʩʝʭ 

ʢʦʤʧʦʟʠʮʠʡ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʝʨʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʝʥʠʡ ʄɸɽ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ 
ʨʠʩ. 3., ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ Co-Ni-Sn ʤʦʛʫʪ 
ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʥʘ ʨʦʣʴ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ. 

 
ʈʠʩ. 3. ʄʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʩʧʣʘʚʦʚ Co2Ni1+xSn1-x (x = 0, 0.25, 0.5, 0.75, 1). 

ɺ ʩʣʫʯʘʝ Tc ʩʪʨʫʢʪʫʨʳ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ ʢʦʤʧʦʟʠʮʠʠ Ni2CoSn ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʚʝʜʝʥʳ ʜʣʷ 
ʢʫʙʠʯʝʩʢʦʡ (ʢʫʙ.) ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ (ʪʝʪʨ.) ʬʘʟ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʠ ʏʝʣʷʙʠʥʩʢʦʡ ʦʙʣʘʩʪʠ ʚ 
ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-42-74003\20 (ʨʘʩʯʝʪʳ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ) 
ʠ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ˉ 
075-00250-20-03 (ʨʘʩʯʝʪʳ ʤʘʛʥʠʪʥʦʛʦ ʠ ʩʪʨʫʢʪʫʨʥʦʛʦ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ). 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʄɸɻʅʀʊʅʓʍ ʉɺʆʁʉʊɺ ʄɸʍ-ʌɸɿ ɺ 
ʉʀʉʊɽʄɽ (Cr1-xMnx)2AlC ɼʆ ʀ ʇʆʉʃɽ ʆʏʀʉʊʂʀ ʆɹʈɸɿʎʆɺ 

ʄɽʊʆɼʆʄ ʍʀʄʀʏɽʉʂʆɻʆ ʊʈɸɺʃɽʅʀʗ  
ʉʦʙʦʣʝʚ ʂ.ɺ. 

ʄʣʘʜʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ɹʘʣʪʠʡʩʢʠʡ ʌʝʜʝʨʘʣʴʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ                              
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ɸʥʥʦʪʘʮʠʷ. ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʄɸʍ-ʬʘʟ ʩʦʩʪʘʚʘ  
(Cr1-xMnx)2AlC ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʣʝʛʠʨʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ. ʇʦʣʫʯʘʝʤʳʝ 
ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʡ ʧʣʘʚʢʠ ʦʙʨʘʟʮʳ ʠʤʝʶʪ ʚ ʦʙʲʸʤʝ ʨʷʜ ʧʨʠʤʝʩʥʳʭ ʬʘʟ. ʆʙʨʘʟʮʳ ʤʦʛʫʪ ʙʳʪʴ 
ʦʯʠʱʝʥʳ ʦʪ ʥʠʭ ʧʨʠ ʧʦʤʦʱʠ ʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 
ʦʙʨʘʟʮʦʚ ʜʦ ʠ ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʚʳʜʝʣʠʪʴ ʚʢʣʘʜ ʚ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ, ʦʪʥʦʩʷʱʠʡʩʷ 
ʢ ʄɸʍ-ʬʘʟʝ, ʠ ʘʩʩʦʮʠʠʨʦʚʘʪʴ ʧʨʦʯʠʝ ʤʘʛʥʠʪʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩ ʚʣʠʷʥʠʝʤ ʢʦʥʢʨʝʪʥʳʭ 
ʧʨʠʤʝʩʥʳʭ ʬʘʟ, ʯʝʛʦ ʨʘʥʝʝ ʥʝ ʙʳʣʦ ʩʜʝʣʘʥʦ ʜʣʷ  ʦʙʨʘʟʮʦʚ ʩʭʦʞʠʭ ʩʦʩʪʘʚʦʚ.  
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Annotation. The work is dedicated to the study of magnetic properties of (Cr1-xMnx)2AlC MAX-
phase in the wide range of dopant concentrations. The samples, prepared by arc melting, have the 
set of secondary phases in their volume which could be removed via chemical etching. Investigating 
the samples’ magnetic properties before and after the etching lets to distinguish the MAX-phase 
originating impact to the magnetization and to associate the remaining magnetic features with the 
effect of the concrete side phases. That has not been done previously for the given compositions.    
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ʄɸʍ-ʬʘʟʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʥʦʚʳʡ ʢʣʘʩʩ ʘʪʦʤʘʨʥʦ-ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʦʙʱʝʡ 
ʬʦʨʤʫʣʦʡ Mn+1AXn, ʛʜʝ M ï ʵʪʦ ʨʘʥʥʠʡ ʧʝʨʝʭʦʜʥʳʡ ʤʝʪʘʣʣ, A ï ʵʣʝʤʝʥʪ ɸ-ʛʨʫʧʧʳ 
ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʵʣʝʤʝʥʪʦʚ, ʘ X ï ʣʠʙʦ ʫʛʣʝʨʦʜ, ʣʠʙʦ ʘʟʦʪ. ʄɸʍ-ʬʘʟʳ ʧʦʣʫʯʠʣʠ 
ʠʟʚʝʩʪʥʦʩʪʴ ʟʘ ʩʯʸʪ ʫʥʠʢʘʣʴʥʦʛʦ ʥʘʙʦʨʘ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʭʘʨʘʢʪʝʨʥʳʭ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 
ʤʝʪʘʣʣʘʤ, ʩ ʜʨʫʛʦʡ ï ʢʝʨʘʤʠʯʝʩʢʠʤ ʩʦʝʜʠʥʝʥʠʷʤ. ʇʦʜʦʙʥʦ ʤʝʪʘʣʣʘʤ, ʄɸʍ-ʬʘʟʳ ʷʚʣʷʶʪʩʷ 
ʭʦʨʦʰʠʤʠ ʧʨʦʚʦʜʥʠʢʘʤʠ ʪʝʧʣʘ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ, ʠ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʦʥʠ ʦʙʣʘʜʘʶʪ 
ʚʳʩʦʢʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʠ ʤʘʣʦʡ ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʯʪʦ 
ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʢʝʨʘʤʠʢ [1].  

ɸʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʤʘʛʥʠʪʥʳʭ ʄɸʍ-ʬʘʟ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʘʢ ʚ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢ ʠ ʚ ʢʘʯʝʩʪʚʝ 
ʧʨʝʢʫʨʩʦʨʦʚ ʜʣʷ ʩʠʥʪʝʟʘ ʜʚʫʤʝʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï ʄʍʝʥʦʚ [2]. ʄɸʍ-ʬʘʟʘ (Cr1-

xMnx)2AlC ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʘʥʜʠʜʘʪʦʚ ʥʘ ʦʙʥʘʨʫʞʝʥʠʝ ʜʘʣʴʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʨʷʜʢʘ [3]. 
ʆʜʥʘʢʦ ʧʨʠ ʩʠʥʪʝʟʝ ʜʘʥʥʦʡ ʄɸʍ-ʬʘʟʳ ʚʦʟʥʠʢʘʝʪ ʜʚʝ ʟʥʘʯʠʤʳʝ ʧʨʦʙʣʝʤʳ: ʤʘʨʛʘʥʝʮ ʚ 
ʢʘʯʝʩʪʚʝ ʣʝʛʠʨʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ ʚʩʪʨʘʠʚʘʝʪʩʷ ʚ ʩʪʨʫʢʪʫʨʫ ʄɸʍ-ʬʘʟʳ Cr2AlC ʚ ʥʝʙʦʣʴʰʦʤ 
ʢʦʣʠʯʝʩʪʚʝ (ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʩʪʠʛʥʫʪʦʝ ʩʦʜʝʨʞʘʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 10 ʘʪ.% [4]), ʚ ʪʦ ʞʝ ʚʨʝʤʷ 
ʣʝʛʠʨʦʚʘʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʯʠʩʣʘ ʧʨʠʤʝʩʥʳʭ ʬʘʟ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʢʘʨʙʠʜʦʚ ʠ 
ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʄɸʍ-ʬʘʟʦʡ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ [5].  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʡ ʧʣʘʚʢʠ ʙʳʣʘ ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʩʝʨʠʷ ʦʙʨʘʟʮʦʚ ʄɸʍ-
ʬʘʟʳ ʩʦʩʪʘʚʘ (Cr1-xMnx)2AlC ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʤʘʨʛʘʥʮʘ (ʥʦʤʠʥʘʣʴʥʦ x = 0, 0.1, 0.2 
ʠ 0.25). ʕʪʦʪ ʤʝʪʦʜ ʙʳʣ ʟʘʨʘʥʝʝ ʦʧʪʠʤʠʟʠʨʦʚʘʥ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩ ʤʠʥʠʤʘʣʴʥʳʤ 
ʚʢʣʶʯʝʥʠʝʤ ʧʦʙʦʯʥʳʭ ʬʘʟ [6], ʢʨʦʤʝ ʪʦʛʦ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ 
ʢʘʯʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʪʴ ʧʨʦʮʝʥʪ ʟʘʤʝʱʝʥʠʷ ʭʨʦʤʘ ʤʘʨʛʘʥʮʝʤ ʚ ʄɸʍ-ʬʘʟʝ. ʇʦʩʣʝ ʩʠʥʪʝʟʘ ʚ 
ʦʙʲʸʤʝ ʦʙʨʘʟʮʦʚ ʚʩʸ ʝʱʸ ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʧʨʠʤʝʩʥʳʝ ʬʘʟʳ ï ʠʥʪʝʨʤʝʪʘʣʣʠʜ Cr5Al8 ʠ 
ʧʝʨʦʚʩʢʠʪ Mn3AlC (ʚ ʦʙʨʘʟʮʘʭ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʣʝʛʠʨʦʚʘʥʠʷ). ʉ ʮʝʣʴʶ ʫʜʘʣʝʥʠʷ ʜʘʥʥʳʭ 
ʧʨʠʤʝʩʥʳʭ ʬʘʟ ʦʙʨʘʟʮʳ ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʙʳʣʠ ʠʟʤʝʣʴʯʝʥʳ ʜʦ ʩʦʩʪʦʷʥʠʷ ʧʦʨʦʰʢʘ ʠ 
ʧʦʜʚʝʨʛʥʫʪʳ ʭʠʤʠʯʝʩʢʦʤʫ ʪʨʘʚʣʝʥʠʶ ʚ ʨʘʩʪʚʦʨʝ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʳ HCl. 
ɺʩʣʝʜʩʪʚʠʝ ʚʳʩʦʢʦʡ ʭʠʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʠ ʄɸʍ-ʬʘʟʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʠʤʝʩʥʳʤʠ ʬʘʟʘʤʠ, 
ʚʨʝʤʷ ʪʨʘʚʣʝʥʠʷ ʠ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʠʩʣʦʪʳ  ʙʳʣʠ ʧʦʜʦʙʨʘʥʳ ʪʘʢ, ʯʪʦʙʳ ʤʘʢʩʠʤʘʣʴʥʦ 
ʵʬʬʝʢʪʠʚʥʦ ʦʯʠʩʪʠʪʴ ʤʘʪʝʨʠʘʣ, ʥʝ ʚʳʟʳʚʘʷ ʧʨʠ ʵʪʦʤ ʜʝʛʨʘʜʘʮʠʶ ʄɸʍ-ʬʘʟʳ.  

ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʦʙʨʘʟʮʳ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ 
ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʕʄ) ʩ ʧʨʠʣʦʞʝʥʠʝʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ (ʕɼʉ), ʘ 
ʪʘʢʞʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʜʦ ʠ ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ), 
ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 1 ʠ ʈʠʩ. 2. ʅʘ ʈʠʩ. 1 ʚʠʟʫʘʣʠʟʠʨʦʚʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʘʟʦʚʦʛʦ 
ʩʦʩʪʘʚʘ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. ɺʠʜʥʦ, ʯʪʦ ʜʦʤʠʥʠʨʫʶʱʝʡ ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʷʚʣʷʝʪʩʷ ʄɸʍ-
ʬʘʟʘ (Cr1-xMnx)2AlC. ʀʪʦʛʦʚʳʝ ʩʪʝʧʝʥʠ ʣʝʛʠʨʦʚʘʥʠʷ, ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʧʨʠ ʧʦʤʦʱʠ ʕɼʉ, 
ʩʦʩʪʘʚʠʣʠ x = 0, 5, 12 ʠ 16 ʘʪ.%. ʇʦ ʈʠʩ. 2 ʚʠʜʥʦ, ʯʪʦ ʭʠʤʠʯʝʩʢʦʝ ʪʨʘʚʣʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ 
ʧʦʣʥʦʡ ʦʯʠʩʪʢʝ ʦʙʨʘʟʮʘ ʦʪ ʧʨʠʤʝʩʥʳʭ ʬʘʟ. ʆʪʨʘʞʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʠʤʝʩʥʳʤ ʬʘʟʘʤ, 
ʩʪʘʥʦʚʷʪʩʷ ʥʠʞʝ ʧʨʝʜʝʣʘ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʧʨʠʙʦʨʘ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʠʭ ʤʘʣʦʤ 
ʩʦʜʝʨʞʘʥʠʠ ï ʤʝʥʝʝ 1 ʚʝʩ.% ï ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʤʘʪʝʨʠʘʣʝ.  

ʆʙʨʘʟʮʳ ʜʦ ʠ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ  
ʚʠʙʨʘʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ : ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʦʪ 

ǔǓǓǓ-2021 1-81 ǘǬǱǽǯȆ 1. ǔǵǩȂǬ ǳǧǪǴǯǹǴȂǬ ǳǧǹǬǷǯǧǲȂ...



ʪʝʤʧʝʨʘʪʫʨʳ (ʄ ʦʪ ʊ) ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 3 ʜʦ 300 ʂ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʅ = 
100 ʕ ʧʦ ʧʨʦʪʦʢʦʣʫ ZFC-FC-FW (ʦʭʣʘʞʜʝʥʠʝ ʙʝʟ ʧʦʣʷ ï ʦʭʣʘʞʜʝʥʠʝ ʚ ʧʦʣʝ ï ʥʘʛʨʝʚ ʚ ʧʦʣʝ), 
ʨʝʟʫʣʴʪʘʪ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʈʠʩ. 3. 

 

ʈʠʩ. 1. ʈʝʧʨʝʟʝʥʪʘʪʠʚʥʳʝ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʄɸʍ-ʬʘʟʳ ʩʦʩʪʘʚʘ (Cr1-xMnx)2AlC ʩ x 
= 0, 5, 12 ʠ 16 ʘʪ.%. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʥʘʙʣʶʜʘʝʤʳʭ ʬʘʟ, ʦʧʨʝʜʝʣʸʥʥʳʡ ʧʦʩʨʝʜʩʪʚʦʤ ɽɼʉ-ʘʥʘʣʠʟʘ, 

ʧʨʠʚʝʜʸʥ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ. 

 

ʈʠʩ. 2. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʦʙʨʘʟʮʘ ʄɸʍ-ʬʘʟʳ ʩʦʩʪʘʚʘ (Cr1-xMnx)2AlC ʩ x = 16 ʘʪ% ʜʦ ʠ 
ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʯʠʩʪʳʭ Cr2AlC ʠ Mn3AlC ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ ʜʣʷ ʩʨʘʚʥʝʥʠʷ. 

ǔǓǓǓ-2021 1-82 ǘǬǱǽǯȆ 1. ǔǵǩȂǬ ǳǧǪǴǯǹǴȂǬ ǳǧǹǬǷǯǧǲȂ...







































































































































































































































































































































































































































































































































































































ʋɼʂ 537.622.4:537.635 

 

ɺʃʀʗʅʀɽ ʆʈʀɽʅʊɸʎʀʀ ʇʆʃʗ ʅɸʄɸɻʅʀʏʀɺɸʅʀʗ ʅɸ 

ʌʄʈ ɺ ʊʆʅʂʀʍ ʇʃɽʅʂɸʍ FexNi100-x 

ɺʳʟʫʣʠʥ ʉ.ɸ.
  

ʜ. ʬ.-ʤ. ʥ., ʜʦʮʝʥʪ, ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʢʘʟʝʥʥʦʝ 

ʚʦʝʥʥʦʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʚʳʩʰʝʛʦ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

"ʂʨʘʩʥʦʜʘʨʩʢʦʝ ʚʳʩʰʝʝ ʚʦʝʥʥʦʝ ʫʯʠʣʠʱʝ ʠʤʝʥʠ ʛʝʥʝʨʘʣʘ ʘʨʤʠʠ ʉ.ʄ. ʐʪʝʤʝʥʢʦ" 

ʉʳʨʴʝʚ ʅ.ɽ. 

ʢ. ʬ.-ʤ. ʥ., ʜʦʮʝʥʪ, ʜʦʮʝʥʪ, ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ 

ʫʯʨʝʞʜʝʥʠʝ ʚʳʩʰʝʛʦ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ "ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ", ʬʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ 

ɸʥʥʦʪʘʮʠʷ. ʀʩʩʣʝʜʦʚʘʥʳ ʚʣʠʷʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʥʘ ʤʘʛʥʠʪʦʨʝʟʦʥʘʥʩʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʥʦʪʦʣʱʠʥʥʳʭ ʧʣʝʥʦʯʥʳʭ ʩʠʩʪʝʤ FexNi100-x. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʚ ʪʦʥʢʠʭ ʦʜʥʦʩʣʦʡʥʳʭ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ FexNi100-x ʪʝʦʨʠʷ ʂʠʪʪʝʣʷ ʜʣʷ 

ʦʜʥʦʨʦʜʥʦʛʦ ʌʄʈ ʤʦʞʝʪ ʥʝ ʚʳʧʦʣʥʷʪʴʩʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ, ʧʣʝʥʢʠ ʧʝʨʤʘʣʣʦʷ, ʧʦʣʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ 
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ʀʥʪʝʨʝʩ ʢ ʩʪʨʫʢʪʫʨʘʤ ʩ ʪʦʥʢʠʤʠ ʤʘʛʥʠʪʥʳʤʠ ʩʣʦʷʤʠ, ʦʙʫʩʣʦʚʣʝʥ ʚʦʟʤʦʞʥʦʩʪʴʶ 

ʠʟʤʝʥʷʪʴ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʠʭ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʅʘ ʦʩʥʦʚʝ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʚʝʱʝʩʪʚ, ʥʦ 

ʩ ʨʘʟʣʠʯʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ ʨʘʟʤʝʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, ʥʘʧʨʠʤʝʨ, ʦʙʲʝʢʪʳ ʣʠʙʦ 

ʩ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʫʥʥʝʣʴʥʦʛʦ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ [1], ʣʠʙʦ ʩʦ ʩʚʝʨʭʤʷʛʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ [2], ʣʠʙʦ ʩ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ [3]. ʊʘʢʦʝ 

ʨʘʟʥʦʦʙʨʘʟʠʝ ʩʚʦʡʩʪʚ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʦʙʫʩʣʦʚʣʝʥʦ ʚʘʨʠʘʮʠʝʡ ʫʩʣʦʚʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʥʘʥʦʯʘʩʪʠʮ ʚ ʩʠʩʪʝʤʝ ʠ ʪʨʝʙʫʝʪ ʢʦʤʧʣʝʢʩʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ.  

ʆʜʠʥ ʠʟ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ 

ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʧʣʝʥʦʢ ʥʘʥʦʤʝʪʨʦʚʦʡ ʪʦʣʱʠʥʳ, ʦʩʥʦʚʘʥ ʥʘ ʠʟʫʯʝʥʠʠ ʷʚʣʝʥʠʷ 

ǔǓǓǓ-2021 6-5 ǘǬǱǽǯȆ 6. ǗǬǮǵǴǧǴǸǴȂǬ ȆǩǲǬǴǯȆ...



ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʌʄʈ). ʄʝʪʦʜ ʌʄʈ ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʨʝʟʦʥʘʥʩʘ: ʥʘʧʨʷʞʝʥʥʦʩʪʴ 

ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ, ʰʠʨʠʥʫ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ. ʆʥ ʧʦʟʚʦʣʷʝʪ ʙʝʟ 

ʩʧʝʮʠʘʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʦʙʨʘʟʮʘ ʫʩʪʘʥʦʚʠʪʴ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʜʘʥʥʳʤʠ ʥʘʙʣʶʜʝʥʠʷ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʠ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʴʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʥʘʥʦʧʣʝʥʦʯʥʳʭ ʩʠʩʪʝʤ.  

ʀʟʚʝʩʪʥʘ ʪʝʦʨʠʷ ʦʜʥʦʨʦʜʥʦʛʦ ʌʄʈ, ʨʘʟʚʠʪʘʷ ʂʠʪʪʝʣʝʤ [4] ʜʣʷ ʤʘʩʩʠʚʥʳʭ, 

ʥʘʤʘʛʥʠʯʝʥʥʳʭ ʜʦ ʥʘʩʳʱʝʥʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʪʝʣ ʵʣʣʠʧʩʦʠʜʘʣʴʥʦʡ ʬʦʨʤʳ. ʇʨʝʜʝʣʴʥʳʤʠ 

ʩʣʫʯʘʷʤʠ ʦʙʨʘʟʮʦʚ ʵʣʣʠʧʩʦʠʜʘʣʴʥʦʡ ʬʦʨʤʳ ʷʚʣʷʶʪʩʷ ʪʦʥʢʠʝ ʧʣʘʩʪʠʥʳ ï ʧʣʝʥʢʠ. ɺ ʨʘʤʢʘʭ 

ʪʝʦʨʠʠ ʂʠʪʪʝʣʣʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʥʝʧʨʝʨʳʚʥʘ. ʊʨʘʜʠʮʠʦʥʥʦ ʧʨʠʥʷʪʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʪʝʦʨʠʷ ʌʄʈ 

ʂʠʪʪʝʣʣʷ ʧʨʠʤʝʥʠʤʘ ʠ ʜʣʷ ʪʦʥʢʠʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘʥʦʪʦʣʱʠʥʥʳʭ, ʧʣʝʥʦʢ.  

ʎʝʣʴ ʨʘʙʦʪʳ ï ʠʟʫʯʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʷʚʣʝʥʠʷ ʷʚʣʝʥʠʷ ʌʄʈ ʚ ʥʘʥʦʪʦʣʱʠʥʥʳʭ 

ʧʣʝʥʢʘʭ ʧʝʨʤʘʣʣʦʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. 

1. ʆʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʡ  

ʀʩʩʣʝʜʦʚʘʥʳ ʦʜʥʦʩʣʦʡʥʳʝ ʧʣʝʥʦʯʥʳʝ ʩʪʨʫʢʪʫʨʳ ʠʟ FexNi100-x. ʄʝʪʦʜʳ ʩʠʥʪʝʟʘ: 

1) ʤʘʛʥʝʪʨʦʥʥʦʝ ʨʘʩʧʳʣʝʥʠʝ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ; 2) ʪʝʨʤʠʯʝʩʢʦʝ ʠʩʧʘʨʝʥʠʝ. ʄʠʰʝʥʴ ï 

FexNi100-x, ʛʜʝ x=63·80. ʅʘʧʳʣʝʥʠʝ ʚ ʦʜʥʦʨʦʜʥʦʤ ʧʣʘʥʘʨʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 200 ʕ (ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʥʘʚʝʜʝʥʥʦʡ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʧʣʦʩʢʦʩʪʠ). ʇʦʜʣʦʞʢʘ ï ʩʠʪʘʣʣ 

ʨʘʟʤʝʨʦʤ 12ʭ12 ʤʤ ʩ ʥʘʧʳʣʝʥʥʳʤ ʩʣʦʝʤ SiO ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 0,5 ʤʢʤ. ʊʝʤʧʝʨʘʪʫʨʘ 

ʧʦʜʣʦʞʢʠ ï 80Áʉ. ɹʘʟʦʚʦʝ ʜʘʚʣʝʥʠʝ ʧʝʨʝʜ ʥʘʧʳʣʝʥʠʝʤ ï 2ʭ10
-6

 mbar. ɼʘʚʣʝʥʠʝ ʚʦ ʚʨʝʤʷ 

ʥʘʧʳʣʝʥʠʷ ï 2ʭ10
-3

 mbar. ʉʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʘʨʛʦʥʘ ï 100 ʩʤ
3
/ʤʠʥ. ʇʨʠ ʤʘʛʥʝʪʨʦʥʥʦʝ 

ʨʘʩʧʳʣʝʥʠʝ ï ʪʦʢ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ ï 0,5 ɸ, ʘ ʥʘʧʨʷʞʝʥʠʝ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ ï 445 ɺ. 

ʇʨʠ ʪʝʨʤʠʯʝʩʢʦʤ ʠʩʧʘʨʝʥʠʠ ï ʪʦʢ ʵʤʠʩʩʠʠ ï 0,1 ɸ, ʘ ʥʘʧʨʷʞʝʥʠʝ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ ʘʥʦʜʦʤ ï 

5,0 ʢɺ ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʥʘʧʳʣʝʥʠʷ ï ʦʪ 60 ʜʦ 420 ʩ. ɺʨʝʤʷ ʥʘʧʳʣʝʥʠʷ ʢʦʥʪʨʦʣʠʨʦʚʘʣʦʩʴ. 

ʀʩʭʦʜʷ ʠʟ ʩʢʦʨʦʩʪʠ ʠ ʚʨʝʤʝʥʠ ʥʘʧʳʣʝʥʠʷ, ʦʮʝʥʠʚʘʣʘʩʴ ʪʦʣʱʠʥʘ ʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ. ʊʦʣʱʠʥʳ 

ʤʘʛʥʠʪʥʳʭ ʩʣʦʝʚ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ï ʦʪ 25 ʜʦ 150 ʥʤ. ʉʪʨʫʢʪʫʨʳ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʚ 

ʀʥʩʪʠʪʫʪʝ ʬʠʟʠʢʠ ʠʤ. ʃ. ɺ. ʂʠʨʝʥʩʢʦʛʦ ʉʆ ʈɸʅ [5]. ʀʟ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʙʳʣʠ 

ʠʟʛʦʪʦʚʣʝʥʳ ʦʙʨʘʟʮʳ ʨʘʟʤʝʨʦʤ 3ʭ3 ʤʤ
2
.  

2. ʄʝʪʦʜ ʠʩʩʣʝʜʦʚʘʥʠʡ  

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʨʝʟʦʥʘʪʦʨʥʳʤ ʩʧʦʩʦʙʦʤ ʥʘ ʕʇʈ ʩʧʝʢʪʨʦʤʝʪʨʝ "JEOL JES FA-

300" ʥʘ ʯʘʩʪʦʪʝ 9.15 ɻɻʮ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʦʙʳʯʥʦʡ ʤʦʜʫʣʷʮʠʦʥʥʦʡ ʪʝʭʥʠʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʈʝʛʠʩʪʨʠʨʦʚʘʣʘʩʴ ʧʝʨʚʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʩʠʛʥʘʣʘ ʧʦʛʣʦʱʝʥʠʷ. ɿʘʧʠʩʠ ʩʧʝʢʪʨʦʚ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʚʦʟʨʘʩʪʘʶʱʝʤ ʚʦ ʚʨʝʤʝʥʠ ʧʦʣʝ H. ɺ ʩʧʝʢʪʨʦʤʝʪʨʝ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʦʙʲʝʤʥʳʡ ʨʝʟʦʥʘʪʦʨ ʩ ʤʦʜʦʡ TE011. ɺ ʨʝʟʦʥʘʪʦʨ ʚʩʪʘʚʣʷʝʪʩʷ ʜʝʨʞʘʪʝʣʴ, ʪʘʢ 

ʯʪʦ ʝʛʦ ʦʩʴ ʚʨʘʱʝʥʠʷ ʩʦʚʧʘʜʘʝʪ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ h ʠ 

ʦʨʪʦʛʦʥʘʣʴʥʘ ʦʨʠʝʥʪʘʮʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʣʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ H. ʅʘ ʜʝʨʞʘʪʝʣʝ ʟʘʢʨʝʧʣʷʶʪ 

ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ. ʅʦʨʤʘʣʴ ʢ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʥʘʧʨʘʚʣʝʥʥʫʶ ʦʪ ʜʝʨʞʘʪʝʣʷ ʙʫʜʝʤ 

ʩʯʠʪʘʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦʡ, ʘ ʥʦʨʤʘʣʴ ʥʘʧʨʘʚʣʝʥʥʫʶ ʢ ʜʝʨʞʘʪʝʣʶ ï ʦʪʨʠʮʘʪʝʣʴʥʦʡ. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʧʝʢʪʨʳ ʌʄʈ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ Ŭ ʤʝʞʜʫ ʚʥʝʰʥʠʤ 

ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ H ʠ ʥʦʨʤʘʣʴʶ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ n. ʋʛʦʣ Ŭ ʤʦʞʥʦ ʙʳʣʦ ʠʟʤʝʥʷʪʴ ʦʪ 0 ʜʦ 

360Á. ʇʦ ʩʧʝʢʪʨʘʤ ʦʧʨʝʜʝʣʷʣʠʩʴ ʨʝʟʦʥʘʥʩʥʦʝ ʧʦʣʝ H
r
, ʰʠʨʠʥʘ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ ȹH ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʩʠʛʥʘʣʘ ʧʦʛʣʦʱʝʥʠʷ J. 

3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ɼʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʭʘʨʘʢʪʝʨʥʳʤ ʷʚʣʷʝʪʩʷ ʩʣʝʜʫʶʱʝʝ.  
ɺ ʩʧʝʢʪʨʝ ʧʨʠ ʢʘʩʘʪʝʣʴʥʦʤ ʠ ʥʦʨʤʘʣʴʥʦʤ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʧʣʝʥʢʠ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʦʜʥʘ 

ʣʠʥʠʷ ʧʦʛʣʦʱʝʥʠʷ. ʍʘʨʘʢʪʝʨʥʳʡ ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʝʡ Hr(Ŭ), ȹH(Ŭ) ʠ J(Ŭ) ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ 
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ʥʘ ʨʠʩ.1. ɼʠʩʢʨʝʪʥʦʩʪʴ ʚʘʨʠʘʮʠʠ ʫʛʣʘ Ŭ ʙʳʣʘ ʥʝ ʙʦʣʝʝ 6Ü. (ɿʜʝʩʴ ʠ ʥʠʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠʚʦʜʷʪʩʷ ʜʣʷ ʦʙʨʘʟʮʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ 

ʩ x=80 ʠ ʪʦʣʱʠʥʦʡ ʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ ʧʦʨʷʜʢʘ 25 ʥʤ (ʦʙʨʘʟʝʮ 1)). 

 

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʠʘʛʨʘʤʤ ʚʠʜʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʪ ʪʘʢʠʝ Ŭi ï ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ H ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʦʨʤʘʣʠ ʢ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ n, ʧʨʠ ʢʦʪʦʨʳʭ ʣʠʥʠʠ 

ʧʦʛʣʦʱʝʥʠʷ ʙʦʣʝʝ ʯʝʤ ʚ 10 ʨʘʟ ʰʠʨʝ, ʯʝʤ ʧʨʠ ʢʘʩʘʪʝʣʴʥʦʤ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ (Ŭ=90Ü). 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʩʠʛʥʘʣʘ ʧʦʛʣʦʱʝʥʠʷ J ʨʘʟʣʠʯʘʝʪʩʷ ʧʨʠ Ŭi ʠ Ŭ=90Ü ʚ ʧʦʯʪʠ 

ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ. ɼʣʷ ʩʠʪʫʘʮʠʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ.1, ʚʝʣʠʯʠʥʘ Ŭiå8, 172, 188 ʠ 352Ü. 

ɸʥʘʣʦʛʠʯʥʳʡ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʡ ȹH(Ŭ) ʠ J(Ŭ) ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʤʘʩʩʠʚʥʳʭ ʦʙʨʘʟʮʦʚ [4]. 

ʆʜʥʘʢʦ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ ʠʟʤʝʥʝʥʠʡ ȹH ʠ J ʦʪ Ŭ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

FexNi100-x ʩʫʱʝʩʪʚʝʥʥʦ (ʥʝ ʤʝʥʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ) ʙʦʣʴʰʝ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʠ ʧʦʩʣʫʞʠʣʦ 

ʧʨʠʯʠʥʦʡ ʜʣʷ ʙʦʣʝʝ ʪʱʘʪʝʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ FexNi100-x ʚ 

ʦʢʨʝʩʪʥʦʩʪʷʭ Ŭi. ʇʦʜ ʙʦʣʝʝ ʪʱʘʪʝʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʧʦʥʠʤʘʝʪʩʷ ʟʘʧʠʩʴ ʩʧʝʢʪʨʦʚ ʩ ʰʘʛʦʤ 

Ŭå0,18Ü. ʋʥʠʢʘʣʴʥʦʩʪʴʶ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ "JEOL JES FA-300" 

ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʛʦʥʠʦʤʝʪʨʘ. ʄʠʥʠʤʘʣʴʥʳʡ ʰʘʛ 

ʠʟʤʝʥʝʥʠʷ ʫʛʣʘ Ŭ ʚ ʥʘʰʝʤ ʢʦʤʧʣʝʢʩʝ ʙʳʣ 0,18Ü.  

ɼʣʷ ʥʝʢʦʪʦʨʳʭ ʠʟ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʦʢʨʝʩʪʥʦʩʪʠ Ŭi ʥʘʙʣʶʜʘʣʦʩʴ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʚʘ ʨʝʟʦʥʘʥʩʘ (ʨʠʩ.2a). ʆʜʠʥ ʠʟ ʨʝʟʦʥʘʥʩʦʚ ʠʤʝʝʪ ʧʨʦʜʦʣʞʝʥʠʝ ʚ ʦʙʣʘʩʪʠ 

ʙʣʠʟʢʦʡ ʢ ʥʦʨʤʘʣʴʥʦʤʫ ʥʘʤʘʛʥʠʯʠʚʘʥʠʶ (ʧʦʤʝʯʝʥ ʥʘ ʨʠʩ.1 ʠ 2a ʮʠʬʨʦʡ 2), ʘ ʜʨʫʛʦʡ ï ʚ 

ʦʙʣʘʩʪʠ ʙʣʠʟʢʦʡ ʢ ʢʘʩʘʪʝʣʴʥʦʤʫ ʥʘʤʘʛʥʠʯʠʚʘʥʠʶ (ʧʦʤʝʯʝʥ ʥʘ ʨʠʩ.1 ʠ 2a ʮʠʬʨʦʡ 1).  

 

ʉʧʝʢʪʨ ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʥʘ ʨʠʩ.2a ʥʘʙʣʶʜʘʣʩʷ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʦʙʨʘʟʮʘ 1. ɸʥʘʣʦʛʠʯʥʳʡ 

ʩʧʝʢʪʨ ʚ ʦʢʨʝʩʪʥʦʩʪʠ Ŭi ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʠ ʜʣʷ ʦʙʨʘʟʮʘ ʩ ʦʨʠʝʥʪʠʨʦʚʦʯʥʦʡ ʪʦʣʱʠʥʦʡ 

 

 

 

 

 

 

a) b) c) 

ʈʠʩ.1. ʋʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ Hr(Ŭ), ȹH(Ŭ) ʠ J(Ŭ) 

  

a) b) 

ʈʠʩ. 2 ɺʠʜ ʩʧʝʢʪʦʚ ʌʄʈ 
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ʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ 50 ʥʤ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʠʩʧʘʨʝʥʠʷ ʤʠʰʝʥʠ Ni63Fe37 

(ʦʙʨʘʟʝʮ 2).  

ʈʘʩʱʝʧʣʝʥʠʝ ʩʧʝʢʪʨʘ ʌʄʈ ʚ ʦʢʨʝʩʪʥʦʩʪʠ Ŭi ʫʜʘʣʦʩʴ ʥʘʙʣʶʜʘʪʴ ʥʝ ʜʣʷ ʚʩʝʭ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. ɼʣʷ ʨʷʜʘ ʠʟʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʩʪʦ ʫʰʠʨʝʥʠʝ 

ʣʠʥʠʠ ʌʄʈ ʩ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ (ʨʠʩ.2b), ʢʦʪʦʨʳʝ ʥʝʣʴʟʷ ʪʨʘʢʪʦʚʘʪʴ ʢʘʢ ʨʝʟʦʥʘʥʩʳ.  

ʅʘ ʨʠʩ.3 ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ Hr(Ŭ), ȹH(Ŭ) ʠ J(Ŭ) ʜʣʷ ʦʙʨʘʟʮʘ 1, ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠ 

|Ŭ|<6Ü. ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʧʦʣʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʢ ʥʦʨʤʘʣʴʥʦʡ (ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ) ʦʨʠʝʥʪʘʮʠʠ ʚ ʩʧʝʢʪʨʝ ʥʘ ʨʷʜʫ ʩ ʤʦʜʦʡ 1 ʚʦʟʥʠʢʘʝʪ ʤʦʜʘ 2. ʀʥʪʝʥʩʠʚʥʦʩʪʴ 

ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʩʠʛʥʘʣʘ ʧʦʛʣʦʱʝʥʠʷ J ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʚʝʣʠʯʠʥʳ |Ŭ| ʜʣʷ ʤʦʜʳ 1 ʧʘʜʘʝʪ 

(ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ ʫʨʦʚʥʷ ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʧʦʤʝʭ), ʘ ʜʣʷ ʤʦʜʳ 2 ï ʚʦʟʨʘʩʪʘʝʪ (ʦʥʘ 

ʩʪʘʥʦʚʠʪʩʷ ʩʨʘʚʥʠʤʦʡ ʧʦ ʚʝʣʠʯʠʥʝ ʩ ʩʠʛʥʘʣʦʤ ʜʣʷ ʤʦʜʳ 1, ʥʘʙʣʶʜʘʝʤʳʤ ʧʨʠ ʢʘʩʘʪʝʣʴʥʦʤ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ).  

ʋʛʣʳ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ Ŭ, ʧʨʠ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʝʪʩʷ ʠʩʯʝʟʥʦʚʝʥʠʝ ʤʦʜʳ 1 ʠ 

ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʤʦʜʳ 2, ʨʘʩʧʦʣʦʞʝʥʳ ʩʠʤʤʝʪʨʠʯʥʦ ʧʦ ʦʙʝ ʩʪʦʨʦʥʳ ʦʪ ʥʦʨʤʘʣʠ ʢ ʧʣʦʩʢʦʩʪʠ 

ʧʣʝʥʢʠ 

 

ɿʘʢʣʶʯʝʥʠʝ  

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʚ ʪʦʥʢʠʭ 

ʦʜʥʦʩʣʦʡʥʳʭ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ FexNi100-x ʪʝʦʨʠʷ ʂʠʪʪʝʣʷ ʜʣʷ ʦʜʥʦʨʦʜʥʦʛʦ ʌʄʈ ʤʦʞʝʪ 

ʥʝ ʚʳʧʦʣʥʷʪʴʩʷ. 
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a) b) c) 

ʈʠʩ.3. ʋʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ Hr(Ŭ), ȹH(Ŭ) ʠ J(Ŭ) ʚʙʣʠʟʠ ʥʦʨʤʘʣʴʥʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ 

ǔǓǓǓ-2021 6-8 ǘǬǱǽǯȆ 6. ǗǬǮǵǴǧǴǸǴȂǬ ȆǩǲǬǴǯȆ...
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стью ~ 2 Э)  в плёнке  была выявлена   типичная  доменная   структура  Ландау-Лифшица  [2],  состоящая  из   замыкающих   доменов,   которая   для   аналогичных  плёночных  материалов  впервые  зафиксирована  в  работе  [3] (рис. 3(б)). 
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cледований (перемагничивание  из  состояния технического насыщения полем с напряжённо-
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ми). Управление  камерой  (при  помощи  программного  обеспечения  digiCamControl) также осуществляется с ноутбука 7.
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(стрелками  обозначены  направления  векторов  намагниченности в доменах),  полученная при  пере-магничивании из состояния технического насыщения (использовалось поле с напряжённостью ~ 2 Э).
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Рис. 3. Полученные при помощи рассматриваемой магнитооптической установки доменные струк-
туры: а) – при перемагничивании  из  размагниченного  состояния  (в данном случае перемагничива-ющее поле (с напряжённостью 0.9 Э) было направлено вдоль одной из осей лёгкого намагничивания – параллельно горизонтальной стороны кадра слева направо), б) – структура  замыкающих  доменов (стрелками обозначены направления векторов намагниченности  в  доменах),  полученная  при пере-магничивании из  состояния  технического  насыщения  (использовалось  перемагничивающее поле с напряжённостью ~ 2 Э).
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